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Abstract: Haptic feedback plays a critical role in enhancing teleoperation
performance, particularly in medical robotic systems. However, high cost, low
stability, and the trade-off between performance and hardware integration
remain major barriers to real-world deployment. This paper reviews cutaneous
feedback technologies for medical robotic systems, proposing a multi-
dimensional classification framework based on actuation mechanism, contact
modality, and validation level, and benchmarking the specifications of 17
representative devices on a unified reference frame. The results show that 15
of the 17 devices remain at the prototype or healthy-user perception-testing
stage, with none yet validated clinically on patients, highlighting gaps that must
be addressed before routine clinical adoption.
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Tong quan cac cong nghé tai tao phan hoi xuc

giac da trng dung cho robot y té

Lwong Ngoc Anh', Nguyén Thi Khanh Huyén2, Ly Hoang Hiép? Nguyén
Hoang Giang"

'Khoa Co khi, Trweng Pai hoc Xay dwng Ha Nai, sé 55 dwdng Gidi Phéng,
phuwdng Bach Mai, Ha Ngi, Viét Nam

2Khoa Co khi, Trworng DPai hoc Kinh té Ky thuat Céng nghiép, s6 454-456
duwong Minh Khai, phwong Vinh Tuy, Ha NGi, Viét Nam

3Khoa Co dién t&r, Trung Co khi, Dai hoc Bach khoa Ha Nai, s6 1 dwdng Pai
Cb Viét, phuworng Bach Mai, Ha Noi, Viét Nam

Tém tat: Phan hdi xuc giac dong vai trd then chét trong viéc nang cao hiéu
suét didu khién robot tlr xa, dac biét déi véi hé théng robot hd tro y té. Tuy
nhién, chi phi cao, dd 6n dinh thap va sy danh déi gitra hiéu nang va kha néng
tich hop phan cirng van 1a rao can Ién cho trng dung thwe té. Bai bao nay téng
quan cac céng nghé tai tao phan hdi xtc giac da cho hé théng robot y té, dé
xuat khung phan loai da chiéu theo co ché chap hanh, phwong thirc tiép xuc
va mirc do kiém chirng, ddng thoi dbi chiéu thong sb ky thuat cha 17 thiét bi
tiéu bidu trén cing mot hé quy chiéu thédng nhat. Két qua cho thay 15/17 thiét
bi ma&i dirng & mdrc nguyén mau hoac thir nghiém cam nhan trén nguwdi khée
manh, chwa thiét bi nao cé di liéu thi nghiém l1&m sang trén bénh nhan, va
chi ra cac khodng tréng can giai quyét dé tién t&i (ing dung 1am sang thuwéong
quy. 3 A A

Twr khéa: phan hoi xdc giac; phan hoi xic giac bé mat; tai tao xdc giac da;
robot y té; thiét bi y t&; diéu khién robot ti xa.

1. Gi&i thiéu

Ngay nay, cac hé théng robot |& mét céng cu
thiét yéu, ho tro con nguwdi thue hién cac cong viéc
phlrc tap, nguy hiém hodc yéu cau doé chinh xac
cao [1, 2]. Hé théng nay khéng chi gidp téi wu hoa
quy trinh san xu&t ma con nang cao an toan va hiéu
qua lao déng (hinh 1). Trong linh vyrc cong nghiép,
hé théng robot dwoc ap dung rong rai dé xir ly cac
cbng viéc khé khan va déc hai nhw khai thac mé,
l&p rap linh kién vi mé, kiém tra va bao tri trong moi
trwdng doc hai [3]. Trong san xuét 6 td, cac hé
thdng nay co thé thwc hién cac nhiém vu han hodc
son & nhirng vi tri kho tiép can, giup giam thoi gian
dirng may. Trong céac Iinh vuc khéac, robot hd tro

tich cwc cac hoat ddng nhw kham pha vi tru [4],
kham pha dai dwong [5], mé phdng trong thé gioi
o [6]. Déac biét trong linh vyc y té, hé théng robot
hé tro dong vai trd then chét trong phau thuat [7],
chan doan va diéu tri bénh [8] hay hé tro phuc hoi
chirc nang [9]. V&i nhitng ca phau thuat khd nhw
can thiép tim mach hay so nao, hé thdng gidp tang
dé chinh xac, gidm thdi gian phau thuat va ty 1&
bién ching, ddng thdi cho phép chuyén gia tham
gia, hé tro hodc truc tiép phau thuat tir xa [10].
Nhirng wu diém nay da dwa hé thdng robot hé tro
tré thanh mét cdng nghé quan trong va la linh vyc
nghién clru trong diém trong ky nguyén Céng
nghiép 4.0, thu hat sy quan tdm rong rai ctia cong
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ddng khoa hoc. Trong diéu khién robot, phan hoi
xuc giac dwoc xem la mot yéu té then chét giup
nang cao d6 chinh xac, an toan va hiéu qua van
hanh [11].

Bang cach tai tao cac twong tac vat ly tw
robot van hanh t&i ngudi diéu khién, cong nghé
nay goép phan thu hep khoang cach git*a méi
trwdng thuc té va cdm nhan cta nguoi diéu khién.
Cac nghién ctu cho thdy viéc bd sung phan hobi
xuc giac giup gidm thao tac dw thira, ddng thoi cai
thien téc dd va do chinh xac cla thao tac, dac biét
quan trong trong cac nhiém vu tinh vi nhw khadu mé
phau thuat [12]. Trong linh vwc y té, phan hdi xtc

Thiét bi diéu khién

Luong & nnk

giac hd tro bac si kiém soat thao tac tét hon, gitp
giam tén thwong, rat ngan thdi gian phau thuat va
nang cao sy an toan cho bénh nhan [13]. Déi v&i
cac nhiém vu tham hiém, phan hdi xuc giac phat
huy hiéu qua trong viéc giam va cham va duy tri
hiéu qua thao tac ngay ca khi tdn tai do tré Ion. O
pham vi réng hon, cac nghién ctru ttr Co quan Vi
tru Chau Au cho thay tiém nang cla phan héi luc
trong nhiém vu tham hiém khéng gian [14]. Ngoai
ra, viéc tich hop phan héi xtc giac trong cac hé
thdng d&c thu gitp ngwdi dung tdng niém tin vao
hé thdng va do dé, cai thién hiéu néng téng thé [15,
16].

Hé t116ng Kénh trao He thong
diéu khién doi thong tin chap hanh |«

Nguoi diéu khién

Robot chap hanh

Hinh 1. Hé thdng robot diéu khién tir xa

Mac du mang lai nhiéu lgi ich tiém nang, cac
hé théng diéu khién robot thwong mai hién nay van
chd yéu dwa trén phan héi thi giac hodc chi cung
cép phan hdi xuc giac & mirc dd han ché. Su thiéu
hut nay bat nguén t hai rao can kj thuat chinh cla
céng nghé phan héi xtic giac: chi phi dau tw cao va
rdi ro gay mét 6n dinh hé théng [17]. P& nang cao
tinh tw nhién cta phan hdi xtic giac ma van dam
bao tinh &n dinh, cac nghién clru gan day tap trung
vao tai tao xtc giac bé mat thay vi cdm giac van
dong [18]. Trong khi cdm giac van dong cung cép
théng tin vé trang thai déng hoc va lwc tac dong
théng qua cac tin hiéu tr co va khdp, thi xuc giac
bé& mat lai dong vai trd then chét trong viéc nhan
dién cac dac tinh khéng gian cla vat thé nhw hinh
dang, canh, nhiét d va két cdu. Cac bang chirng
thwe nghiém khang dinh rang viéc truyén tai cac
thong tin xtc giac bé mat khong chi ddm bao tinh

on dinh tuyét déi cho hé théng ma con cung cap
lubng théng tin phan héi hiéu qua va da dang. Cu
thé, phwong thirc ndy da dwoc chirng minh gitp
cai thién chat lwong théng tin phan hoi [19], hd tro
cac thao tac tinh vi [20], tdng d6 chinh xac trong
cam ndm [21], ddng thdi tdi wu hda kha ndng nhan
biét hinh dang vat thé [22] (hinh 2).

Bén canh kha nang cung cép théng tin xuc
giac phong phu, céng nghé phan hdi xtc giac bé
mat con gidi quyét hiéu qua sw danh ddi gitra hiéu
ndng van hanh va kich thwoc thiét bi. Day 1a yéu t
cbt 16i trong cac ng dung cb rang budc nghiém
ngat vé khong gian phan cirng, dién hinh 1a linh
vuyey té. Trong phéau thuét robot, viéc tich hop cac
co cau phan héi lyc truyén théng vao cac dung cu
nhuw dao mé hay éng néi soi thwdng lam téng dang
ké kich thwéc clia co' cAu, tir d6 1am han ché khéng
gian chuyén dodng va do linh hoat clia thiét bi. Thém
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vao do, yéu cau khat khe vé tiéu chuan vo triing
trong y té cling gay can trd viéc trién khai cac co
cAu truyén thdng. Nhirng han ché trén da thuc day
su phat trién manh mé ctia cong nghé phan hdi xtc
giac bé mat nhw mét gidi phap thay thé day trién
vong. Vi du, cac hé théng gang tay y té (rng dung
coéng nghé vi khi nén dé tai tao cac kich thich nhw
lwe bép, nén hoac rung khi dung cu phau thuat tiép
xtic voi mé [10].

So véi cac tay cdm phan hdi lwc céng kénh,
gidi phap nay s& hiru thiét ké nhd gon, dé dang st

A —

Luong & nnk

dung va di chuyén, ddng thoi gidm thiéu nguy co
méat 6n dinh hé thédng nhé co ché chi tai tao tin hiéu
kich thich cuc bd trén bé mat da. Nhd nhirng wu
thé vé kich thwdc va kha nang tng dung vat liéu
linh hoat, cac co’ ciu tai tao phan hdi xuc giac bé
mat ngay cang phat trién manh mé dwa trén nhiéu
cdng nghé khac nhau. Ngoai céng nghé vi khi nén,
c6 thé ké dén cac céng nghé khac ng dung trong
linh vwe nay nhw mang phan tlr xtc giac vi md [23],
co cau ap dién [24], hop kim nhé hinh [25], va chét
I6ng tlr tinh [26].

B . Dong co -
Co cau tai tao

phan hoi xuc giac

- \ "

*‘ ©) ("
B6 diéu khién Dau dao tich
) dau dao hop cam bién

.

Hinh 2. 'ng dung ctia cdm bién xtc giac trong robot hd tro' y t&: Hé théng FLEXMIN (Phdng theo [20]).
A: Hé thdng diéu khién va tiép nhan phan hoi. B: Thiét bj diéu khién va phan héi xuc giac deo tay. C:
Dao md ndi soi tich hop cdm bién xuc giac

Ngoai linh vwc phau thuat |1am sang, céng
nghé nay con chirng minh hiéu qua vwot tri trong
linh vire ho tro tir xa va dao tao y khoa. Nhiéu hé
thdng huén luyén tién tién da dwoc trién khai tai
cac phong thi nghiém va trung tam dao tao, dién
hinh nhw but mé phéng dao mé tich hop phan héi
rung hay gang tay xuc giac phuc vu ky thuat khau
vét thuwong [27]. Cac nghién ctru thuc nghiém cho
thay, viéc twong tac véi cac thiét bj tich hop phan
héi xuc giac khéng chi gilp hoc vién nang cao do
chinh xac khi thao tac ma con kiém soat Iwc tot
hon, tranh cac tdn thwong dw thra 18n mé non,
dong thoi cai thién ré rét kha ndng chuyén giao ky
ndng tr moi truéng moé phéng sang phiu thuat
thwe té. Dac biét, véi sw phat trién cla tri tué nhan
tao (Al), cac ng dung robot hé tro' y té tv xa da
dat dwoc nhiéu dot pha quan trong. Bang cach (ng
dung cac mé hinh hoc may dé dy doan trudc quy
dao dich chuyén cta dung cu va phan luc tr mo,

hé théng c6 kha nang phan doan tin hiéu xdc giac
phan héi trwéc khi tin hiéu thue té truyén vé phia
nguwdi diéu khién. Phwong phap nay gitp cac hé
thdng diéu khién tir xa bu tré thoi gian thwe mot
cach hiéu qua, dam bao tinh lién tuc, triec quan va
an toan cho cac ca phau thuat khd, noi ma ngudi
phau thuat khong thé tiép can truc tiép bénh nhan
[28]. Cac wng dung Al trong linh viec nay thudc
nhiéu hwdng riéng biét: wéc lvgng lwc tiép xuc tor
tin hiéu gian tiép, nhan dang loai mé hodc d6 cirng,
nén va ma hoa tin hiéu xtc giac dé gidm bang
théng truyén, dw doan quy dao nham bu tré thoi
gian thuc, va ca nhan hdéa cwong do phan héi theo
tirng ngudi dung, méi hwéng cé yéu cau div liéu
dau vao/dau ra va tiéu chi danh gia do chinh xéac
khac nhau.

Mac du da cé mot sb tdng quan trwdc day vé
thiét bi tai tao phan hoi xuc giac deo tay, cac cong
trinh nay chu yéu liét ké thiét bi theo nguyén ly chap
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hanh ho&c theo tirng trng dung riéng & (VR, diéu
hwéng...), chwa xay dwng moét khung phan loai
thdng nhét cho phép so sanh truc tiép gitra cac
céng nghé theo nhiéu tiéu chi ddng th&i. Déng gop
cta bai tbng quan nay la: (i) hé théng héa cac cong
nghé tai tao phan héi xtc giac da theo khung phan
loai da chiéu, gébm loai cadm giac tai tao, co ché
chép hanh, phwong thirc tiép xuc, vi tri tac dong,
dang thiét bj va mirc do kiém chirng trng dung; va
(ii) dbi chiéu cac thong sb kj thuat da cong bé (luc,
hanh trinh, bang théng, d6 phan giai...) trén cung
mot hé quy chiéu, hd tro ngwdi thiét ké hé théng
robot y té Iwa chon cdng nghé phu hop véi tirng
rang budc (rng dung cu thé.

2. Phwong phap tong quan tai liéu

Day 1a mét bai tbng quan twdng thuat khéng
tuan theo quy trinh PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta Analyses
— Th tw wu tién cho bai tdng quan hé thdng va
phan tich tdng hop). Quéa trinh tim kiém va lya
chon tai liéu dwoc thwe hién nhw sau:

Co sé dir liéu: Google Scholar, két hop cong
cu hé trg sang loc va tbng hop tai liéu bang Al
(Elicit) nhdm mé& réng pham vi tim kiém va phat
hién cac nghién ctru lién quan.

Chuédi tir khda: két hop cac thuat ngir "haptic
feedback" (phadn hdi xuc giac), "cutaneous

feedback" (phan hoéi xic giac bé mat), "tactile
display" (tai tao xuc giac da), "wearable haptics"
(thiét bi tai tao xic giac deo dwoc), "force
feedback" (phan hdi lwc), "surgical robotics" (robot
(robot y té),

phdu thuat), "medical robot"

Luong & nnk

"vibrotactile" (rung xuc giac), "electrotactile" (kich
thich dién), "teleoperation” (diéu khién tr xa) theo
cac td hop Boolean (AND/OR).

Khoang thoi gian: wu tién cong b trong giai
doan 2021-2026; mot sb cong trinh nén tang truéc
2021 dwge dwa vao khi ¢co gia tri tham chiéu quan
trong cho co s& ly thuyét (vi du cac nghién ciru
sinh ly hoc xuc gidc, mé hinh diéu khién song
phwong kinh dién). Ngay két thuc tim kiém la ngay
24/04/2026.

Tiéu chi lwa chon: (1) cong b trén tap chi/hoi
nghi c6 binh duyét; (2) trinh bay ré nguyén ly chap
hanh va’hodc théng sé ky thuat dinh lwong cua
thiét bi xuc giac; (3) lién quan truc tiép dén (rng
dung y t&, phau thuat, dao tao y khoa, phuc hoi
chirc nang, hodc la cong nghé nén tang co tiém
nang tng dung trong cac linh vyc nay.

Tiéu chi loai triv: tai liéu khong co div liéu ky
thuat cu thé (chi mang tinh khai niém/marketing);
trung lap ndi dung v&i cong trinh da chon cla cung
nhém tac gia; khong truy cap dwoc toan van.

Quy trinh sang loc: doc tiéu dé/tom tat dé loai
két qua khong lién quan; doc toan van cac tai liéu
con lai dé trich xuét thong sé ky thuat; sb liéu trong
Bang 1 dwoc dbi chiéu tryc tiép véi tai liéu gbc dé
tranh sai léch don vi/dai lvgng.

Han ché cta phwong phap: do khéng theo
PRISMA day du (khdng ghi nhan sb lwong tai liéu
& trng bwéc sang loc, khdng cé hai nguwoi danh
gia doc lap), bai tbng quan c6 thé mang thién léch
chd quan trong Iwa chon tai liéu.

3. Co s& sinh hoc cta hé théng xuc giac

Tiéu thé Tiéu thé
Meissner (RA1) Merkel (SA1)
) / \/
Day
@ than kinh

Tiéu thé
Ruffini (SA2)

Hinh 3. C4c tiéu thé xuc giac trén dau ngén tay
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Xuc giac la mét trong nhirng hé théng giac
quan phat trién sém & con ngwdi, déng vai trd
quan trong trong nhan thirc, twong tac xa héi va
dinh hwéng khong gian. Vi vay, viéc hiéu ré co s&
sinh hoc clia xUc giac trong co thé con nguwoi la
nén tang can thiét dé thiét ké cac hé thdng phan
hoi xuc giac mét cach ty nhién va hiéu qua.

Lan da con nguw®i chira mang lwdi cac tiéu
thé co hoc da dang véi déc tinh chuyén biét vé loai
kich thich, d& nhay tan sé va kha nang thich nghi
[29] (hinh 3). Cu thé, c4c tiéu thé Meissner (RA1)
nhay v&i rung déng tan sb thap (30-50 Hz) va cac
tiép xtc doéng nhe, tap trung chl yéu & ving da
khéng 16ng nhw dau ngoén tay va moéi. C4c tiéu thé
Pacinian (RA2) phan (rng manh vé&i rung dong tan
s6 cao (250-350 Hz), hé tro nhan dang két ciu tho
va cdm nhan lyc tiép xuc. Trong khi do, cac tiéu thé
Ruffini (SA2) nhay v&i sw kéo gian da va lwc duy
tri, déng vai trd quan trong trong viéc diéu chinh lwc
cam ndm va nhan dién hwéng lwc; con cac tiéu thé
Merkel (SA1) lai nhay vé&i lwc tinh va cac canh sac,
gop phan nhan dang chinh xac hinh dang ciing
nhw két cAu vi moé cla bé mat [30]. Sy phdi hop
nhip nhang cltia cac thu thé nay quyét dinh kha
nang phan giai khéng gian dat mirc xap xi 1 mm tai
dau ngon tay v&i dd tré phan hoi cuc thap (dwdi 20
ms), cho phép con ngudi cdm nhan céc tiép xic &
mdrc dd vi mdé mdt cach tinh té [18].

Bén canh céac yéu té co hoc, hé thdng xuc
giac con duwoc bd tro bdi cac thu thé nhiét chuyén
biét, bao gébm cac thu thé néng va lanh cé chirc
nang phat hién sy thay déi nhiét do cuc bd va
truyén dan tin hiéu vé hé than kinh trung wong [31].
Cac thu thé nay hoat déng dwa trén cac kénh ion
thudc ho TRP, tiéu biéu 1a TRPV (nhw TRPV1 lién
quan dén cam giac nhiét cao) va TRPMS (lién quan
dén cam giac lanh). Thong tin nhiét sau do dwoc
xt ly qua d6i thj va truyén dén ving vé ndo, noi
cac dac tinh nhw nhiét dd va sw bién ddi nhiét cta
vat liéu dwoc phan tich d& hinh thanh nhan thirc
day du vé déi twong twong tac [32]. Dwdi géc dd
ky thuat, cac gi¢i han sinh hoc nay xac dinh cac
gi&¢i han thiét k& cho cac hé thdng phan hdi xuc
giac: Rung dong tan sé thap dén trung binh kich

Luong & nnk

hoat RA-I cho hién twong trot hodc tiép xuc, trong
khi dai tn 150-300 Hz kich thich RA-Il d& cam
nhan két cAu bé mat [33]. Sw cang va truot trén bé
mat da tac ddng vao SA-Il cung cép cac tin hiéu
quan trong vé vi tri va hwéng chuyén dong trong
khéng gian. Dé tdi wu héa dd chan thwc va cam
giac tiép xuc lién tuc trong twong tac, hé théng doi
haéi mot tan sb diéu khién cao, véi tAn sb cap nhat
tbi thiéu dat 100 Hz. Tan s nay dam bao kha néng
dap wng tire thoi ddi vai cac bién dbi dong luc hoc,
ddng thoi ngan chan hién twong tré tin hiéu gay
pha v& cam giac lién tuc. Ngoai ra, bén canh tinh
lién tuc va sw 6n dinh hé théng, do “trong suét” clia
thiét bj cling la mét tinh chat ky thuat quan trong
cho céc thiét bj phan hdi xtc giac. Hé théng diéu
khién can triét tiéu lwc can hoac nhiéu hé théng mot
cach nhanh nhat cé thé. Diéu nay ddm bao nguoi
st dung c6 thé cdm nhan dwoc théng tin xtc giac
phan hdi mét cach chinh xac va kip thei [34].

P& hién thwc hoa nhirng yéu cau trén, cac co
céu tai tao xuc giac hién dai da khai thac da dang
cac nguyén ly vat ly, tr rung co hoc, phan héi lyc
thdng qua tré khang, bién ddi dién-nhiét, kich thich
séng am va bién dang cua vat liéu théng minh [23-
26]. Cac phwong phap nay duoc thiét ké dé tac
déng c6 chon loc l1én cac hé théng thu thé co hoc
& ca tAng nong va tang sau cla da, tr d6 tai tao
nhirng théng tin xuc giac riéng biét phu hop voi
trng muc dich cu thé. Viéc lwa chon nguyén ly thiét
ké thwong dua trén sw can bang gitra mic dd
théng tin phan hoi, tbc dd phan hdi, tinh co dong
hay tinh trng dung trong tirng diéu kién cu thé.

4. Hé thong tai tao phan héi xuc giac

Dwa trén co ché vat ly dung dé tai tao cdm
gi&c xuc giac 1én bé mét da, cac co cAu tai tao phan
héi xuc giac trong cac hé théng deo duoc hién dai
dwgc phan loai thanh nam nhém chinh: (1) phan
héi co hoc tiép xuc, (2) phan hdi rung, (3) phan hoi
kich thich dién, (4) phan héi khong tiép xuc va (5)
phan héi da phwong thire. Cac nghién clru thudc
nam nhém trén dwoc trinh bay & phan dwéi nham
tao co s& cho cong viéc danh gia, lwa chon va thiét
ké cac hé théng phan hdi xuc giac bé mat (rng dung
trong y té.
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4.1. Phan héi co hoc tiép xuc

Phan héi co hoc tiép xtc 1a phwong thire tai
tao xtc giac lau doi va dwoc str dung rong rai nhat.
Nguyén ly hoat ddng clia phwong phap nay la tac
dung truc tiép cac lwc co hoc Ién bé mat da thong
qua cac co cau chuyén dong. Cac nghién ciru
trong nhédm nay c6 thé chia thanh ba hwéng chinh
bao gébm: co ché bién dang bé mat da, mang kim
hién thi hinh dang va phan hdi cdm giac van dong.
4.1.1. Co ché bién dang bé mit da

Co ché bién dang bé mét da tao cdm giac
xUc giac bang cach tac dung cac luc truc tiép 1én
dau ngoén tay theo cac phuwong khac nhau. Dya
trén huwéng cha lwc kich thich, cac thiét ké hién nay
thwong dwoc phan thanh ba nhém: phap tuyén,
tiép tuyén va bién dang géc.

Kich thich phap tuyén

Kich thich phap tuyén tai tao xuc giac bang
cach tac dung lwc vudng goéc véi bé méat da (hinh
4). Nhiéu co ciu da dwoc phat trién nhdm tao ra
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cac loai kich thich nay vé&i mirc @ chinh xac va
cwdng dd lwe khac nhau. Mét trong nhivng thiét ké
tién phong st dung hai ddng co servo dé diéu
khién hé théng day budc & dau ngén tay, cé kha
nang thé hién ddng thoi lwe phap tuyén va lyc tiép
tuyén 1&n diu ngon tay véi luc tac dung téi da 3 N
[35]. Ngoai ra, thiét bi str dung co’ ciu dién-thuy khi
c6 tén HASEL ciling dwoc phat trién theo nguyén ly
nay.

Khi dién ap dwoc tang tir 2000 V dén 5000
V, chat dién méi Idng bi day vé budng chra tiép xuc
dau ngdn tay, tao ra lwc tac dung 3N véi dé bom
phdng 1,5 mm va do dich chuyén tw do gan 5 mm.
Thoi gian dap ng buéc dat 32 ms, da dé tai tao
céc tin hiéu xuc giac nhanh trong twong tac thuc té
do [36]. Cac thiét bi kich thich phap tuyén cé wu
diém |a cAu truc don gian va kha nang tai tao cdm
giac tiép xuc ré rang. Tuy nhién, viéc tao lwc Ion
trong khi van duy tri kich thwéc nhd gon va tinh
thodi mai khi deo van la thach thirc dang ké.

B

Hinh 4. Céac thiét bi st dung co’ ché kich thich phap tuyén. A: Thiét bi gang tay HaptGlove (Phdng theo
[37]). B: Thiét bi tai tao xuc giac 3 bac tw do (Phdng theo [35])

Kich thich tiép tuyén

Kich thich tiép tuyén tao cdm giac ma sat va
trwot bang cach lam bién dang bé méat da theo
phwong song song v&i da. Day la thanh phan xuc
giac quan trong trong nhan biét chuyén déng twong
déi gitra tay va vat thé, ddng thdi hé tro diéu huéng
chuyén dong. Tiéu biéu trong hwédng nghién ciru
nay la thiét bi hRing [38] st dung hai ddng co servo

v&i khdi lwong chi 15 g véi kich thuwéc nhd gon,
cho phép tich hop truc tiép trén ngon tay. Khi hai
doéng co quay ngwoc chiéu, dai tac dong lén da tao
lwc phap tuyén; ngwoc lai, khi quay cung chiéu, dai
sinh ra lyc cat tiép tuyén véi lwc cidng bé mét dat
duwoc k = 0,5 N/mm. Két qué danh gia thyc nghiém
trong méi trwdng VR cho thay thiét bi hRing gitp
cai thién kha ndng cdm nhan va hiéu suét thao tac
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lan lwot khodng 20% va 47% so véi trudng hop
khéng co6 phan héi xuic giac. So véi cac co ciu kich
thich phap tuyén, hRing c6 wu thé trong viéc tai tao
cdm giac ma sat va trweot nhd kha nang tao luc tiép
tuyén trwc tiép I&n bé mat da. Tuy nhién, viéc st
dung déng co servo va co ciu dai truyén lwc cod
thé lam tdng dd phtrc tap co khi cling nhw anh
hwéng dén sw thodi mai khi deo trong thdi gian dai.
Do do, xu hwéng nghién ctru hién nay tap trung
vao viéc gidm kich thuwéc co ciu truyén dong déng
thodi duy tri kha nang tao lwc tiép tuyén dd Ién cho
cac tng dung thuc té.

Bién dang goéc

Bién dang goc cung cép théng tin vé do
nghiéng va huéng cla méat phang tiép xuc, mot
thong tin xdc giac quan trong nhwng thwong bi bd
qua trong cac thiét k& phan hdi xdc giac truyén
thdng (hinh 5). Mét trong nhirng thiét bj tiéu biéu
thudc nhém nay 1a StringTouch [39]. Thiét bj st
dung ba sgi day nylon 0,2 mm dé tao thanh mot bé
mat tam giac tiép xic dau ngén tay. Ba soi day
dwoc diéu khién doc 1ap béi ba ddng co servo, cho
phép thay ddi lwc cang trén tivng canh dé tao ra
cac dang kich thich khac nhau. Khi mét dong co
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hoat ddng riéng 18, hé thdng tao ra bién dang goc;
trong khi d6, sw phéi hop ctia hai hodc ba dong co
c6 thé tai tao kich thich phap tuyén hodc tiép tuyén.
Nh¢& cAu hinh nay, StringTouch cé kha nang cung
cap nhiéu dang thong tin xuc giac trén cing mot
nén tang phan cirng. Trong cac thir nghiém thyc té
&o nhw mé phdng rét nwéc, cham vao giu béng
ho&c vubt trén bé mat cong, thiét bj cho thay kha
nang tai tao phan hoi xuc giac voi dé chan thyc
cao. Két qua nay cho thay viéc bé sung thong tin
vé do nghiéng ctia bé& mat cé thé cai thién dang ké
trai nghiém twong tac so véi cac thiét ké bao kin
dau ngén tay truyén théng. Tuy nhién, viéc tai tao
chinh xac théng tin xuc giac cta vat thé thyc van
la mét thach thire ddi véi cac co clu bién dang bé
mat da. Phan I&n cac thiét ké hién nay khéng
hwéng téi viec thé hién tat ca thong tin xic giac ma
tap trung vao viéc truyén tai nhirng théng tin chon
loc, chdng han nhw hinh dang, d6 cirng hay céac
Iwc tac dung 1én vat thé. Cac két qua thwc nghiém
cho thay phan hbi bién dang bé mét da gitp ngudi
st dung cdm nhan va phan biét dwgc thong tin xtc
giac can truyén dat, cling nhw khéng lam sai léch
tinh chat théng tin xuc giac [40, 41].

Hinh 5. C4c thiét bi st dung co' ché bién dang géc. A: Thiét bj deo ¢cb tay (Phdng theo [40]). B: Thiét bi
deo ngon tay 2 bac tw do (Phdng theo [38]). C: Thiét bj StringTouch (Phdng theo [39])

4.1.2. Co ché mang phan tir hién thi
Mang phan tl hién thj tai tao dac tinh hinh
hoc clia bé mat vat thé thong qua cac chét hodc

kim c6 kha nang chuyén ddng déc lap theo phuong
thdng ding (hinh 6). Cac thiét ké truyén théng
thwong st dung mang 4x4 chbt (16 diém), cac
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chét dwoc truyén ddng bang hé thdng day co dan
linh hoat. Mét vi du tiéu biéu dworc trinh bay trong
nghién ctru [42], s dung mot mang 5x5 chét (25
diém), mbi chbt c6 dwdng kinh 1,5 mm, hanh trinh
tdi da 2 mm, khoang cach gitra cac diém 2 mm. Mai
chét dwoc gan véi bd didu khién day gan co do
cng 0,61 N/mm, cung cép dai lwc tv 0,61 N dén
1,83 N. Bo diéu khién c6 kha néng diéu khién dén
0,012 mm gilp tai tao bé mat vat thé ciing nhw lyc
tac dung lén bé& mat mot cach chinh xac. Ngoai ra,
thiét bi con tich hop thém chirc néng rung dé tao
cam giac thoé rap bé mét.

Tuy nhién, cac co ciu st dung day truyén
dong thwong gdp han ché vé kich thudc, khéi
lwong va kha ndng mé réong mat dd phan tir. Dé
kh&c phuc nhirng van dé nay, cac nghién ctru gan
day chuyén sang st dung co' ciu chap hanh dién-
thay lwc. Mot vi du Ia thiét ké& [43], st dung mét
mang 4x4 chét vai cac chébt 1a cac béng nwéc nhé.
Thiét bi nay c6 trong lwong dwdi 2 g, d6 day 200
um, dién tich bé mé&t 1 cm? cé kha néng tai tao luc
tiép xtc 1én dén 34 kPa va rung doéng tan sé lén
dén 700 Hz, cao hon so v&i cac thiét ké st dung
hé théng day truyén dong.

4.1.3. Co’ ché phan hoéi lwc ngén tay

Mac du bai tébng quan nay tap trung vao phan
hdi xtic giac da, mot sb thiét bi dau ngén tay tao luc
can ba chiéu, vé ban chat 1a phan hdi dong hoc
(kinesthetic feedback) cuc bd, van duwoc dé cap &
day do thwdng dwoc tich hop cung co ché bién
dang bé mét da trong cung moét thiét bi lai (hybrid),
khién viéc tach bach hoan toan hai loai phan hoi
tré nén khé khan trong thuc té thiét ké. Co ché
phan héi lwc ngdn tay tao ra lwc can I&n Ién toan
bd ngén tay hoac ban tay, nhdm mé phéng dd cirng
hodc ngan chan chuyén déng cta vat thé. Khac véi
cac co ché bién dang bé mét da tap trung vao tai
tao thong tin bé méat va sw thay ddi tiép xuc theo
thdi gian, co ché nay thé hién lyc tiép xdc/lwc can
mot cach truc tiép. Mot thiét bj dién hinh st dung
co ché nay |a thiét bj DeltaFinger dwoc thiét ké dwa
trén co cu tam giac véi ba chudi ddng hoc lién két
tai dé cb dinh ban kinh 80 mm [44]. M&i chubi bao
gdm ba lién két kich thwéc 35 mm, 60 mm va 10

Luong & nnk

mm, truyén dong béi ba dong co servo. Thiét ké
nay gilp tao ra lwc tuyén tinh dén ngén tré véi bién
do cwe dai 0,8 N trong mat phéng ngang XY va 1,8
N theo truc Z.

M6t hwéng phat trién khac dwoc tng dung
trong ph&u thuat néi soi thé hién qua hé théng géng
tay HaptX [45]. H& théng gang tay nay tich hop ca
co ché phan héi lwc ngén tay va co ché bién dang
bé mét da trong cung cAu tric. St dung cdng nghé
vi lwu thay cho hé théng ddng co servo truyén
thdng, gang tay c6é thé tai tao ddng thdi ca lwc can
vat Iy 1an két cAu bé mat clia vat thé vai do chi tiét
cao. Nhe& vay, thiét bi gilp ngwdi dung cdm nhan
ré rét t hinh dang, dd cirng/mém clia cac khoi
chét rén cho dén cac chi tiét nham, do rung hodc
chuyén déng vi md trén bé mat da tay mét cach
chan thwc nhét.

4.2. Phan héi rung xuc giac

Phan héi rung xuc giac str dung dao déng co
hoc tan sb cao dé kich thich chi yéu cac tiéu thé
Pacinian (FA2, nhay nhat & 200-300 Hz) va thu thé
Meissner (FA1), md phdng két ciu bé mat, tin hiéu
canh bao hoéc thong tin rung déng theo tan sb. So
véi phan héi co hoc tiép xtc, phuong phap nay ndi
bat v&i kha nang tich hgp mat dé cao trén dién tich
I&n va thiét ké méng nhe.
4.2.1. Dong co khoi léch tam (ERM)

Mét trong nhirng co’ cAu chap hanh rung xuc
giac don gian va chi phi thap nhat hién nay la dong
co ERM tao lwc rung bang cach quay mét khéi
lwgng léch tdm (nhw & hinh 6). Mgt vi du nghién
ctru tiéu biéu la nghién ctru [46], trong d6 36 dong
co ERM véi duwérng kinh 7 mm, dé day 2 mm, khdi
lwong 0,3 g va gia tbc rung ti da 1,1 G tai tai 100
g. Thiét bi dwoc dat trén tAm nén co gian véi budc
lwdi 13 mm (0,73 co cdu/cm?). Lép polyimide (20
um) véi cac dwdng dan dong (18 pm) két ndi bai
cu trac udn lwon hinh rén (chiéu rong 700 um, géc
cung 210°), d&m béo hé thdng hoat dong khi bi kéo
gian dwdi bién dang 30% hodc qua 500 chu ky kéo
gidn 10%. Thiét bi c6 kha nang tai tao rung dong
theo ca huéng phap tuyén va huéng cét, ddm bao
kha nang tai tao thdng tin rung déng khéng chi &
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vung da nhay cdm ma con & vung da khac nhw
canh tay va bung. Xu huéng két hop da phuong
thirc trong mot thiét bi don 1& ciing dwoc thé hién
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qua viéc tich hgp déng co ERM bén trong mang
kim hién thi 4x4 chét dé truyén dat thong tin bé mat
chi tiét [42].

Hinh 6. Cac thiét bi co ché mang phan tir hién thj va dong co khdi lwong 1éch tam. A: Thiét bi 4x4 truyén
déng day (Phéng theo [42]). B: Thiét bj str dung co' ciu dién-thdy lwc (Phdng theo [43]). C: Thiét ké
doéng co rung (Phéng theo [47]). D: Cac déng co rung dat trén dan da (Phdng theo [46]). E: Hé théng
truyén tin hiéu diéu khién dén thiét bi rung deo dau ngon tay (Phdng theo [48])

4.2.2. Bd kich déong céng hwéng tuyén tinh
(LRA)

LRA hoat dong dua trén nguyén ly chuyén
dong tinh tién cda khéi lwong qua dan dong dién
tr tai tAn sb cdng hwédng, cung cap phan héi rung
6n dinh va dé dang diéu khién hon so v&i ERM
(hinh 7). Mét vi du tiéu biéu la hé thdng HapticPilot
[49]. Thiét bi tich hop 13 déng co LRA gan bén
trong gang tay thé thao, d&t cach nhau it nhat 15
mm. B6 diéu khién bao gdbm hai bo mach ho
ATmega328 v&i bd ghép kénh TCA9548A dé diéu
khién 13 ddng co nay. Mgt thuét toan tai tao xuc
giac duoc st dung d& md phéng va tai tao lai cac
théng tin xtc giac theo 1 va 2 chiéu, giup nguei sty
dung phan biét dwoc cac tw thé cia ban tay con
nguoi.

Theo huwéng tiép can st dung cdng nghé ap
dién, mot bao ngon tay silicone mong (dé day 170
1+ 5 ym) tich hgp mét nam cham hinh try (dwong
kinh 2 mm, d6 day 1 mm), dwoc kich thich b&i dong
dién xoay chiéu qua cudn day (83 vong, dién trd

406 mQ, d6 tw cdm 126 pH tai 500 Hz, khéi lwong
8,85 g). Thiét bj co thé tao ra rung déng véi tan sé
ttr 0,4 dén 10 Hz, lwc dau ra trén 1,6 N; tai tan sb
500 Hz lwc gidm con 0,1 N nhwng van trong
ngudng cdm giac ctia con ngudi [50]. Két qua nay
cho thay céc bd kich déng st dung cdng nghé ap
dién c6 thé cung cap phan héi rung manh mé trong
khi van duy tri tinh mém déo va kha nang deo duoc
(hinh 7) [51, 52].
4.3. Phan héi kich thich dién

Phan héi kich thich dién khéng s dung co
cau truyén dong co hoc, thay vao dé kich thich tryc
tiép vao cac thu cam cla con nguwdi bang dong
dién. Tin hiéu dién truyén qua da dén day than kinh
va dwoc ndo bo dién gidi thanh cdm giac xuc giac.
Phwong phap nay néi bat véi thiét ké siéu méng,
mat dd phan gidi cao va khéng yéu cau co ciu
chuyén déng (hinh 8). Trong mét nghién clru gan
day, mét mang 5x5 (25 chét kim loai hinh ban cau
c6 ban kinh 1 mm, khoang cach diém cuc 1a 4 mm)
dwoc dat trong bao ngén tay bang cao su [53]. Ky
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thuat diéu ché dong dién tan sé cao (10 kHz) st
dung hai dong dién AC léch pha 180° cho phép
kich thich dién trong khoang 13—-28 V dé goi 1én
cadm giac tir cham nhe dén kim cham. Thiét bi nay
cé mat do 25 diém/dau ngon tay voi dién ap tbi da
30 V, v&i d6 phan giai 76 diém/cm?, cé kha ndng
tac dong truc tiép vao cac thu cdm than kinh SA1
& dau ngén tay. O’ quy mé I&n hon, nghién ctru [54]
da gidi thiéu cong nghé vai xdc giac tich hgp toan
dién (FIBHT). Hé thdng nay st dung mang dién
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cwc 128 kénh trén nén soi poly SBS cé do day 100
um. Khoang céach gitra cac diém cuc 1a 4,5 mm véi
dod phan giai la 1 pixel/cm? trén toan bd ban tay va
2,26 pixel/cm? tai viing dau ngoén tay. Bo diéu khién
gdbm bén bd chuyén mach HV2801 dwoc ghép
kénh dé diéu khién 128 kénh nay.

Két qua thir nghiém véi 12 tinh nguyén vién
xac nhan nguwdi st dung nhan biét chinh xac vij tri
va thong tin xuc giac déng hoc duwoc tai tao trén
ban tay.

A

B

Hinh 7. C4c thiét bi bd kich dong cdng hwéng tuyén tinh (LRA). A: Hé théng Haplets (Phéng theo [51]).
B: Thiét bi deo CUTE (Phdng theo [52]). C: Thiét bi vé boc ngén tay (Phéng theo [50])

Hinh 8. Cac thiét bj str dung phan hdi kich thich dién. A: Hé théng FIBHT (Phdng theo [54]). B: Thiét b
st dung mang chét 5x5 (Phdng theo [53]). C&D: Cac mang méng kim loai hodc vat liéu dan dién
composite (Phong theo [55])
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4.4, Phan hoi khéng tiép xuc

Phan hdi khong tiép xuc tai tao thdng tin xtc
giac ma khong yéu cau nguoi dung deo hoic tiép
xuc v&i bat ky thiét bi nao, mang lai sw tw do van
dong va khéng gian twong tac rong. Hai co ché
chinh dwoc nghién ctru la séng siéu am hdi tu va
tia khi nén.

4.4.1. Song siéu am héi tu (UMH)

Song siéu am hdi tu khai thac ap suét blre xa
am hoc dé tao diém hdi tu chinh xac trong khong
gian, dat do phan giai xap xi 8,6 mm tai 20°C, tan
sb6 40 kHz vé&i do tré khong dang ké&. Tuy nhién,
cwdng dd séng am hoi tu khéng du dé cung cap ap
Iwc lién tuc (<1 mN), ma phu hgp hon cho rung
déng nhat thdi hodc théng tin ddng hoc khi tiép xtc
chi tiét. Mot hwéng phat trién dang cha y khac la
hé thdng Ultraboard [56]. Day |a mét thiét bi phan
hdi xuc giac c6 kha nang tai tao thdng tin theo thoi
gian thwc va bam theo chuyén dodng cuia ban tay.
Hé thdng st dung co cau dich chuyén vat Iy mang
dau do siéu am dé ddng bo véi vi tri ngon tay trong
khéng gian 3 chiéu, dat d6 chinh xac trong khoang
3 cm. Cbng nghé nay phu hgp cho cac rng dung
canh bdo tr xa, twong tac véi déi twong ao va diéu
khién trong moéi trudng thye té o (VR), noi kha
nang déng bo thong tin vé vi tri gitra thiét bi va moi
trwdng do dwoc dé cao.

4.4.2. Tia khi nén

Han ché I&n nhét ciia cong nghé UMH la ap
lwc tai tao khéng cao. P& khac phuc van dé nay,
nhiéu nghién ctru da s dung tia khi nén vé&i ap
suat cao, nham tao phan hdi xuc gidc manh mé
trong khi van duy tri tinh chat khéng tiép xdc. Trong
nghién ctu [57], mot thiét bi khi nén di ddng c6 kha
nang tao ra lwc 6 N, I&n hon gan 6.000 Ian so voi
co6ng nghé UMH (<1 mN). B¢ phan giai khdng gian
dat dwoc khoang 3 cm, twong dwong véi hé thdng
Ultraboard [56]. Hé théng tich hop kha n&ng diéu
khién vi tri chinh xac va ap lwc khi nén linh hoat.
Ngoai ra, khdng khi c6 thé mang thong tin vé nhiét
ddé va mui hwong, mé réng thém dai thong tin co
thé tai tao. Viéc sir dung hé théng khi nén thay vi
céc thiét bj tao séng am ciing gidp gidm dd phirc
tap clGia phan cirng va tang kha nang (rng dung vao
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thue té.
4.5. Phan héi da phwong thirc

Phan héi da phwong thirc két hop déng thoi
kich thich co hoc, dién/dién tr va cdm giac vé nhiét
dd vat thé dé tang tinh chan thwe (hinh 9). Phwong
phap nay dac biét hiéu qua khi mé phdéng cac vat
liéu c6 d&c tinh nhiét rd rét (kim loai, nwéc da, go)
trong mai trwdng VR/AR. Mét vi du tiéu biéu 1a hé
thdng mang tén T2HI két hop hai co cau hoat dong
doc lap va ddng thoi: (1) co ciu chap hanh tai tao
cam giac va cham dya trén khi nén (YOCP) va (2)
bd tai tao cdm giac nhiét dwa trén phan tl nhiét
dién (TED) [58]. Co' cAu YOCP c6 chiéu dai 20 mm,
hoat dong 6n dinh & tan s6 1 Hz, tbc dd dap &ng
tdi da dat tlr 2,0 dén 3,5 Hz.

Co céu nay co6 kha nang tao cac lyc tai tiy
0,26 dén 2,60 N twong (ng véi bién d6 bién dang
tr 1 dén 3 mm. Co ciu TED c6 kha nang tac dong
|én da trong dai tir 2°C dén 8°C so vé&i nhiét do ban
dau, voi téc do gia nhiét tir 2,19 dén 4,49°C/giay.
Tuy nhién hé théng nay chwa cé kha nang kiém
soat nhiét tét, dic biét & ché dd lam mat. V& mat
&ng dung, hé théng duoc tich hop vao méi trudng
VR qua giao tiép Bluetooth khéng day, thir nghiém
véi 15 ngwoi tham gia xac nhan phan héi da
phwong thirc gitp cai thién dang ké d6 chan thuc
cam nhan so v&i phan héi don 18. Xu hwéng da
phwong thirc con thé hién & thiét bi mang tén W-
FYD: két hop vai dan héi méng (d6 day nhé hon 1
mm) v&i hai déng co DC va co céu khi nén [59].
So véi céac thiét ké truyén thdng thi thiét bi nay da
gidm dang ké kich thwéc, chi con 78x45x37 mm
va trong lwong chi 54 g. Thiét bj c6 kha nang tai
tao lwc tac dong trong khoang 0,17-0,48 N/mm, va
tan s6 rung 3 dB tai 2,28 Hz.

Nhin chung, phan héi da phwong thirc dang
tré thanh xu hwéng phét trién nhe kha nang tich
hop nhiéu phwong phéap 18n cing mét thiét bi nhd
gon va cung cép théng tin xtc giac phong phu.
Trong huéng phat trién nay, thach thirc I&n nhat 1a
tich hop nhiéu kénh cam giac trong cing mét thiét
bi v&i kich thwéc nhé gon, mire tiéu thu nang lvgng
thap va kha néng diéu khién 6n dinh [60, 61].
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5. 'ng dung phan héi xtc giac bé mat trong hé
théng robot y té

Sw phat trién nhanh chéng ctia cong nghé
phan hdi xtc giac dang thuc day mét xu huwéng méi
trong Iinh vic robot y té, noi kha nadng cdm nhan
va truyén tai théng tin xtc gidc ngay cang duoc tich
hop sau vao cac hé thdng hé tro chan doan, diéu
tri va dao tao 1am sang. Khac véi cac giao dién diéu
khién truyén théng vén chi yéu dua trén théng tin
thi giac, cac hé théng phan hdi xuc giac hién dai
cho phép tai tao chan thwc cac dac tinh co hoc cua
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mo sinh hoc nhw lwc tiép xuc, dd clrng hay do dan
hdi theo thai gian thuc.

Nhe d6, bac si co thé twong tac véi moi
trwdng diéu tri mot cach trwc quan hon, déng thoi
tan dung dwoc d6 chinh xac cao cua robot trong
céac thao tac y khoa phurc tap. Sw két hop gitra kha
nang thao tac chinh xac cla robot va kinh nghiém
lam sang cta con ngwdi khéng chi gép phan nang
cao do an toan cho bénh nhan ma con cai thién
hiéu qua diéu tri va ty 1é thanh cong cla cac can
thiép y té.

Bang 1. Thong sb k§ thuat cac cong nghé tai tao xuc giac

Cwong doé/

Mdrc dd

Nhém Thiétbi  Apsuitien _anntrinh/ - Théngso kidm 1
, Tan so/bo tre khac . liéu
ap chirng
1. PHAN HOI CO HOC TIEP XUC
, = 0,07-
1A Tiep doz19?r;?n- 31x28x12mm;
:zyzz & Phap hRing dxy = 0,08 15g M2 [38]
y 0,26mm
1A Tiép oo be o6
:Eyzz & Phap SuP-Ring nhay 15.4 va f=4,5Hz Deo tay M3 [62]
y 39,02 kPa/N
1A Tiép
. 0,17-0,48 d = 0-5,5mm; 78x45%x37mm;
én & Phap  W-FYD AIR 1, omim; M2
tuyén & Phap N/mm f=2,28Hz 54g (591
tuyén
1A Tiép
tuyén & Phap . d =4mm; D6 phan giai
; %P StringTouch  F =2,36N M1 39
tuyén & Bién - ngroue t=0,11s 0,2mm [39]
dang géc
1B Mang . N LA i
N .z Man hinh _ d=2mm; D6 phan giai
tphhian & hién s F=061-18N T ootammisog M [42]
Y F =1,8N (doc); L .
1C Phan h : Ban kinh |
CPhanhol 1 taFinger  0,8-0,9N anxiniam —vo a4
lwc ngon tay viéc 25mm
(ngang)
‘ F = 18N;
1C Phan héi . Chinh xac <
an ol HaptX Glove  ngudng tiép d =2mm nh xac M2 [45]
lwc ngon tay , 1mm
xuc 35mN
‘ 5 3 f=5Hz;
1C Phan héi Gahnéitfhyu‘;' F =~ 1,5N; yye f 4;’m 22x100<t5mm;
lyc ngontay  Prad UL 4 6oN: 712N =xmm, 9,59
noi soi d x,y =£3mm
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Bang 1. (tiép)

Mdrc dé
, e Cuwéng do/ Hanh trinh/ T Y
Nhoém Thiet bi . e s e Théng so khac kiem .
Ap suat/bién ap Tan s6/Do tré . liéu
chirng
2. PHAN HOI RUNG XUC GIAC
f=70-130Hz; d
2A DBong co ] “ o
Knhéi 1ach tam Mang z=0,23mm, Gia toc rung M1 146]
' ERM dx,y = 0,86mm; 1,1G; 33,79
ERM s
doé tré 21-50ms
2B Bo kich
o QCGII‘CI; Bao ngén f=10-1000Hz D6 chinh xac
2ng cong tay F=00033N  (t&i wu300Hz):  nhan dang M2 [52]
huong tuyen — iiicone t=0,3s 97,6%
tinh LRA ! o
3. PHAN HOI KiCH THICH DIEN
Do phan giai 76
3A Phan hoi . diém/cmz; 20
, , Mang 5x5 o , . R
kich thich EPC Dién ap 13-28V f=4kHz murc cwong dé; M2 [53]
dién nhan dang két
cau 98%
3A Phan ho pién ap thi da 292%“;3;/3:'2-
kich thich FIBHT >N ap 20 P M2 54
dién 135V nhan dang mau
i dong ~90%
4. PHAN HOI KHONG TIEP XUC
4A Song siéu f = 200Hz; thoi Do phan giai
am héi tu Ultraboard L >130dB SPL gian dap tng t6i diém hdi tu M2 [56]
(UMH) da 270ms 8,6mm; 295¢g
4B Tia khi Hologrz.:\m boé Phan .glal
nén & Voi F=6N khéng gian M1 [57]
phun ~3cm
5. PHAN HOI PA PHWONG THU'C TiCH HOP NHIET
5A Phan hoi T2HI / d = 2.5mm: Tgc do gia nhiét
da phwong F=2,07N t6i da 4,55°Cl/s; M2 [58]
, T2HA f=5Hz ,
thre 35g/ngoén
5A Phan hdi d = 2mm;
da phvong Mang EHA p = 34kPa f=700Hz; 2g M1 [43]
thire t=32ms

Ghi chu: (i) Gia tri luc/ap suét/dién ap ghi theo dung céch bao céo cua tai liéu goc: dai a-b la dai lam viéc, gia
tri kém "téi da" la curc dai, cac gia tri con lai la gié tri danh dinh do nhém nghién ctru céng bo. (i) Céc théng sé
co hoc duoc do & diéu kién thir nghiém riéng cua tirng nghién ctru, khéng quy vé cung moét diéu kién chuén,
nén chi mang tinh tham chiéu tuwong déi. (iii) Mirc dé kiém chimg: M1: nguyén méu, méi déc trung héa ky thuét;
M2: c6 thir nghiém cam nhén trén nguoi tinh nguyén hodc trong méi trirong VR; M3: cé thir nghiém trén mé
hinh mé (phantom) mé phdng nhiém vu y té; M4: tién I4m sang hodc I4m sang trén bénh nhan. (iv) Vi tri tac
déng va dang thiét bj duroc thé hién qua cdt Nhém va cdt Théng sb khéc.
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Hinh 9. Cé4c thiét bi sir dung phan hdi da phwong thirc tich hop nhiét. A: Thiét bi két hop phan héi co
hoc va nhiét (Phéng theo [60]). B: Thiét bi W-FYD (Phéng theo [59]). C: Thiét bj két hop phan héi co hoc
va nhiét (Phang theo [58]). D: Thiét bj T-Touch (Phdng theo [61])

Trong linh virc dao tao y khoa, viéc tich hop
phan hoi xtc giac véi cac nén tang thuc té do (VR)
va thuc té tang cwong (AR) dang tré thanh xu
hwéng ndi bat nham xay dwng cac méi truéng mod
phéng cé dd chan thuc cao. Cac hé thdng nay cho
phép hoc vién trai nghiém cam giac twong tac véi
mo va co quan sinh hoc trong qua trinh thyc hanh,
tlr d6 nadng cao kha nang nhan thirc xuc giac va ky
nang thao tac lam sang ma khéng gay rui ro cho
bénh nhan thwec. Chéng han, trong dao tao phau
thuat than kinh, cdng nghé xuc giac cd thé mé
phéng chinh xac lyc can cda nhu mé néo va s
thay ddi trang thai khi dung cu di vao n&o that [64].
M6t thtr nghiém ngdu nhién c6 dbi chirng, mu doi
trén 31 bac si ndi tri cho thdy nhém dwoc huan
luyén khoan xwong trong VR cé phan héi xdc giac
dat sai s6 dd sau khoan nhd hon dang ké so Vvoi
nhém khéng cé phan héi (7,6 + 4,3 mm so v&i 13,6
+ 7,4 mm; p = 0,012) va diém danh gia ky ndng
OSATS cao hon (14 so v&i 8,5; p = 0,0006) [65].
Bén canh do, sy két hop gitra phan hdi xtc giac va
cac thuat toan tri tué nhan tao con gitp déng bo
héa chinh xac chuyén déng thao tac véi cdm nhan
Iwc, tao nén maoi trwdng huan luyén co tinh twong
tac va ddm chim cao. Phan I&n cac hé théng nay
hién dirng & mirc nguyén mau nghién clru hodc

thtr nghiém trong méi trwedng VR, chwa dwoc tich
hop vao chwong trinh dao tao lam sang chinh
thire. Tuy vay, viéc dwa cac thiét bi phan hoi xtc
giac da vao moi trwong y té thuc té con doi hdi dap
trng mét loat tiéu chi dac thu ma méi tredng phong
thi nghiém hoac VR khéng yéu cau: kha nang khir
khuén/vé trung 13p lai nhiéu 1an, an toan dién theo
tiéu chudn thiét bi y té, gi¢i han lwc/ap suét/nhiét
dd dé tranh gay tén thwong md hoac kich trng da
khi st dung kéo dai, do tin cay co khi qua nhiéu
chu ky st dung, céng thai hoc phu hop dé han ché
méi cho bac si, co ché phat hién 16i va dirng khan
cap khi thiét bi gap sw cb, cung kha ndng hiéu
chuén theo tirng ngudi dung. Day chinh la khoang
cach I&6n nhét gitba mot nguyén mau nghién clru
dat hiéu nang tét trong phong thi nghiém va mot
thiét bi y té co thé trién khai Iam sang thuwong quy,
phan I&n cdng nghé duwoc khéo sat trong bai van
chwa c6 di¥ liéu cdng khai vé cac tiéu chi nay.

Xu hwéng tich hop phan héi xtc giac ciing
dang m& réng manh mé sang linh vwc phuc hoi
chirc nang van déng. Théng qua céac thiét bi deo
théng minh va hé th(“Sng robot hd tro tri liéu, tin hiéu
xuc giac dwoc st dung dé cung cip phan hdi da
giac quan, thic day qua trinh tai té chirc than kinh
va phuc héi chirc nang sau tén thwong. Cac hé
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thdng phuc hdi chirc nang thé hé méi thwong két
hop phan héi lwc, thwc té do, tin hiéu co dién
(EMG) va tri tué nhan tao nham ca thé hoéa qua
trinh diéu tri cho tirng ngwdi bénh. Dac biét, viéc
tich hop giao dién ndo — may tinh (BCI) v&i cac mbéi
trwdng twong tac xuc giac da tao diéu kién chuyén
ddi t&r mé hinh tri liéu thu déng sang cha déng, gop
phan nang cao mirc dd tham gia va déng lwc phuc
hdi ctia bénh nhan [66]. Tuy nhién, mét tbng quan
hé théng trén 30 nghién clru hé théng BCl-robot
phuc hdi chirc ndng ban tay cho thay 19/30 nghién
cru van & giai doan nguyén mau hodc tién |am
sang, cho thay khodng cach con 16n gira nghién
ctru va trién khai 1am sang thwéong quy.

Bén canh cac (rng dung tai bénh vién, phan
hdi xtic giac con dwoc xem la mot thanh phan quan
trong trong hé sinh thai y té sé va cac hé théng
cham sdéc strc khoe tr xa. Nhé kha nang truyén tai
cam giac tiép xuc va twong tac vat ly qua mang
truyén thédng, cong nghé nay gitp cac bac si khéng
chi quan sat ma con cé thé "cdm nhan" cac dic
tinh co hoc ctia moé tir khoang cach xa [67]. Trong
mot nghién ctru diéu khién tir xa thao tac s& nan
trén mb hinh mé silicone v&i 22 bac si ndi trd, viéc
bd sung phan hdi xic giac vao kénh thj giac da
nang dé nhay phat hién nét cirng tlr 76,09 *
19,15% Ién 94,35 + 9,10%, déng thoi gidm lwc &n
lén mé tir 4,82 + 0,81 N xubng 4,13 + 1,02 N [68].
Diéu nay m& ra tiém nang Ién cho cac dich vu
kham chira bénh tir xa, hdi chan chuyén khoa va
phau thuat robot diéu khién t xa trong twong lai.
V6&i sy phat trién déng thdi cha robot y té, tri tué
nhan tao, mang truyén théng tbc dd cao va céac
thiét bi xtc giac thong minh, phan héi xuc giac
duwoc ky vong sé tré thanh mét trong nhirng cong
nghé nén tang thuc day qua trinh chuyén dbi s
trong y té, hudng tdi cac dich vu cham séc sirc
khée an toan, chinh xac va dé tiép can hon cho
cong déng.

6. Két luan

Bai tébng quan nay da xay dwng mot khung
phan loai da chiéu cho cac cong nghé tai tao phan
hdi xtc giac da (rng dung trong robot y té, hé théng
héa 17 thiét bj tiéu biéu thudc 5 nhém co ché chap
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hanh: Co hoc tiép xuc, rung, kich thich dién, khéng
tiép xuc va da phwong thirc trén ciing mét bo tiéu
chi déi chiéu thédng nhat vé lwc, hanh trinh, tan sb,
do tré va do phan giai. Pay 1a dong gop co gia tri
thwe tién cao, gitp nguwdi thiét ké hé théng nhanh
chéng khoanh vung céng nghé phu hop véi tirng
rang budc rng dung cu thé, thay vi phai tw tbng
hop tir nhiéu ngudn réi rac nhw hién trang tai liéu
trwde day.

Két qua tdng hop cho thdy birc tranh tng
dung ré nét theo tirng linh vire: co cdu co hoc tiép
xUc va mang phan t& hién thj dap &ng tt cac tac
vu doi héi dé chinh xac lwe cao nhw phau thuat va
thao tac tinh vi; phan hdi rung va kich thich dién
phu hop véi cac (rng dung deo lau dai, chi phi thap
nhw dao tao y khoa va phuc hdi chirc nang; phan
hdi khong tiép xic phu hop véi cac tinh hudng co
yéu cau vo trung cao, do khéng tiép xuc truc tiép
v&i da nguwoi dung. Sy da dang va mic do trwdng
thanh ngay cang ting cla cac cong nghé nay, thé
hién qua sé lwong cong bd tap trung trong giai
doan 2021-2026, cho thdy phan héi xuc giac da
dang dwoc nghién clru ngay cang nhiéu nhuw mot
thanh phan bd tro cho robot y t& thé hé méi, t
phong mé, phong dao tao cho dén cac md hinh
cham séc src khoe tir xa.

Theo thang danh gia trong Bang 1, 5/17 thiét
bi m&i & mirc nguyén mau (M1), 10/17 da co thi
nghiém cam nhan trén ngwoi tinh nguyén (M2),
2/17 dwogc thlr nghiém trén mdé hinh mé (M3) va
chwa thiét bi nao c6 dir liéu thir nghiém lam sang
trén bénh nhan (M4). Bén canh d6, qua trinh tong
hop ciing chi ra mot sé6 khoang tréng dang chu y:
phan 1&n cdng nghé van dirng & giai doan nguyén
mau hodc thlr nghiém mé phéng, sb lwong céng
trinh c6 di liéu thtr nghiém tryc tiép trén bénh nhan
con khiém tén, va viéc chuadn hoa cach bao cao
théng sb ky thuat gitra cac nhém nghién ciru van
la mét rao can cho viéc so sanh khach quan, day
chinh & hwéng nghién ctru tiém nang ma bai tbng
quan nay goi mé cho coéng ddng khoa hoc trong
nwéc va quéc té. Do pham vi tim kiém tai liéu tap
trung vao mét nguén di liéu chinh, mét sb cong
trinh lién quan c6 thé chwa dwoc bao quéat day du
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trong bai.
Tuyén bé vé viéc str dung Al tao sinh

Trong qua trinh chuan bj bai bao nay, cac tac
gia da st dung Elicit dé hd tro' tim kiém va sang loc
tai lidu tham khao va Gemini dé tao hinh minh hoa.

Sau khi str dung cac cong cu nay, cac tac gia da ra

soat va chinh stra ndi dung khi can thiét, déng thoi

chiu hoan toan trach nhiém vé ndi dung ctia bai bao
dwoc cong bb.

Tai liéu tham khao

[1]. S. Lichiardopol. (2007). A Survey on
Teleoperation. DCT  Report 2007.155.
Technische Universiteit Eindhoven, Eindhoven,
Netherlands. https://research.tue.nl/en/publicat
ions/a-survey-on-teleoperation/ (truy cap ngay
23/03/2026).

[2]. J. Vertut, P. Coiffet. (2013). Teleoperation and
Robotics:  Applications and  Technology.
Springer Science & Business Media.

[3]. M. Shahbazi, S.F. Atashzar, R.V. Patel. (2018).
A Systematic Review of Multilateral
Teleoperation Systems. |IEEE Transactions on
Haptics, 11(3), 338-356.
https://doi.org/10.1109/TOH.2018.2818134

[4]. D. Sun, F. Naghdy, H. Du. (2014). Application

of wave-variable control to bilateral
teleoperation systems: A survey. Annual
Reviews in Control, 38(1), 12-31.

https://doi.org/10.1016/j.arcontrol.2014.03.002

[5]. T. Hirabayashi, J. Akizono, T. Yamamoto, H.
Sakai, H. Yano. (2006). Teleoperation of
construction machines with haptic information
for underwater applications. Automation in
Construction, 15(5), 563-570.
https://doi.org/10.1016/j.autcon.2005.07.008

[6]. T. Kot, P. Novak. (2018). Application of virtual
reality in teleoperation of the military mobile
robotic system TAROS. International Journal of
Advanced Robotic Systems, 15(1),
729881417751545. https://doi.org/10.1177/172
9881417751545

[7]. S.E. Salcudean, S. Ku, G. Bell. (1997).
Performance = measurement in  scaled
teleoperation for microsurgery. J. Troccaz, E.

Luong & nnk
Grimson, R. Médsges (Eds). In CVRMed-
MRCAS’97, Lecture Notes in Computer

Science, 1205. Berlin, Heidelberg, Springer,
789-798. https://doi.org/10.1007/BFb0029304
[8]. H. Lyu, G. Yang, H. Zhou, X. Huang, H. Yang,
Z. Pang. (2020). Teleoperation of Collaborative
Robot for Remote Dementia Care in Home
Environments. IEEE Journal of Translational
Engineering in Health and Medicine, 8, 1-10.
https://doi.org/10.1109/JTEHM.2020.3002384
[9]. M.D. Duong, C. Teraoka, T. Imamura, T.
Miyoshi, K. Terashima. (2005). MASTER-
SLAVE SYSTEM WITH TELEOPERATION
FOR REHABILITATION. IFAC Proceedings,
38(1), 48-53.
https://doi.org/10.3182/20050703-6-CZ-
1902.01410
[10]. S. Avgousti, E.G. Christoforou, A.S.
Panayides, S. Voskarides, C. Novales, L.
Nouaille, C.S. Pattichis, P. Vieyres. (2016).
Medical telerobotic systems: current status and
future trends. BioMedical Engineering OnLine,
15, 96. https://doi.org/10.1186/s12938-016-
0217-7
[11]. AAM. Okamura. (2004). Methods for haptic
feedback in teleoperated robot-assisted
surgery. Industrial Robot: An International
Journal, 31(6), 499-508.
https://doi.org/10.1108/01439910410566362
[12]. C. Pacchierotti, D. Prattichizzo. (2023).
Cutaneous/Tactile Haptic Feedback in Robotic
Teleoperation:  Motivation,  Survey, and
Perspectives. IEEE Transactions on Robotics,
40, 978-998.
https://doi.org/10.1109/TR0O.2023.3344027
[13]. M. Bergholz, M. Ferle, B.M. Weber. (2023).
The benefits of haptic feedback in robot
assisted surgery and their moderators: a meta-
analysis. Scientific Reports, 13, 19215.
https://doi.org/10.1038/s41598-023-46641-8
[14]. M.A. Kuhail, J. Berengueres, F. Taher, M.
Alkuwaiti, S.Z. Khan. (2023). Haptic Systems:
Trends and Lessons Learned for Haptics in
Spacesuits.  Electronics, 12(8), 1888.

236



JSTT 2026, 6 (5), 220-240

https://doi.org/10.3390/electronics 12081888
[15]. S. Gepshtein, M.S. Banks. (2003). Viewing
geometry determines how vision and haptics
combine in size perception. Current Biology,
13(6), 483—488. https://doi.org/10.1016/S0960-
9822(03)00133-7
[16]. O.A.J. van der Meijden, M.P. Schijven. (2009).
The value of haptic feedback in conventional
and robot-assisted minimal invasive surgery
and virtual reality training: a current review.
Surgical Endoscopy, 23(6), 1180-1190.
https://doi.org/10.1007/s00464-008-0298-x
[17]. 1. Diaz, J.J. Gil. (2009). Influence of Vibration
Modes and Human Operator on the Stability of
Haptic Rendering. IEEE Transactions on
Robotics, 26(1), 160-165.
https://doi.org/10.1109/TR0O.2009.2037254
[18]. R.S. Dahiya, G. Metta, M. Valle and G.
Sandini. (2009). Tactile Sensing-From Humans
to Humanoids. IEEE Transactions on Robotfics,
26(1), 1-20.
https://doi.org/10.1109/TR0.2009.2033627
[19]. B.B. Edin, N. Johansson. (1995). Skin strain
patterns provide kinaesthetic information to the
human central nervous system. The Journal of
Physiology, 487(1), 243-251.
https://doi.org/10.1113/jphysiol.1995.sp020875
[20]. J. Miller, M. Braun, J. Bilz, S. Matich, C.
Neupert, W. Kunert, A. Kirschniak. (2021).
Impact of haptic feedback on applied
intracorporeal forces using a novel surgical
robotic system-a randomized cross-over study
with novices in an experimental setup. Surgical
Endoscopy, 35(7), 3554-3563.
https://doi.org/10.1007/s00464-020-07818-8
[21]. G. Westling, R.S. Johansson. (1984). Factors
influencing the force control during precision
grip. Experimental Brain Research, 53(2), 277—-
284. https://doi.org/10.1007/BF00238156
[22]. S.J. Lederman, R.L. Klatzky. (1999). Sensing
and Displaying Spatially Distributed Fingertip
Forces in Haptic Interfaces for Teleoperator and
Virtual Environment Systems. Presence, 8(1),
86-103. https://

Luong & nnk

doi.org/10.1162/105474699566062

[23]. K. Lim, J. Lee, S. Kim, M. Oh, C.S. Koh, H.
Seo, Y.-M. Hong, W. G. Chung, J. Jang, J.A.
Lim, H.H. Jung, J.-U. Park (2024). Interference
haptic stimulation and consistent quantitative
tactility in transparent electrotactile screen with
pressure-sensitive transistors. Nature
Communications, 15(1), 7147.
https://doi.org/10.1038/s41467-024-51593-2

[24]. S. Gao, J.-L. Chen, Y.-N. Dai, R. Wang, S.-B.
Kang, L. Xu. (2020). Piezoelectric-Based Insole
Force Sensing for Gait Analysis in the Internet
of Health Things. IEEE Consumer Electronics
Magazine, 10(1), 39-44.
https://doi.org/10.1109/MCE.2020.2986828

[25]. Q. Liu, S. Ghodrat, G. Huisman, K.M.B.
Jansen. (2023). Shape memory alloy actuators
for haptic wearables: A review. Materials &
Design, 233, 112264.
https://doi.org/10.1016/j.matdes.2023.112264

[26]. N. Kastor, B. Dandu, V. Bassari, G. Reardon,
Y. Visell. (2023). Ferrofluid electromagnetic
actuators for high-fidelity haptic feedback.
Sensors and Actuators A: Physical, 355,
114252. https://doi.org/10.1016/j.sna.2023.114
252

[27]. M. van Wegen, J.L. Herder, R. Adelsberger,
M. Pastore-Wapp, E.E.H. van Wegen, S.
Bohlhalter, T. Nef, P. Krack, T. Vanbellingen.
(2023). An Overview of Wearable Haptic
Technologies and Their Performance in Virtual
Object Exploration. Sensors, 23(3), 1563.
https://doi.org/10.3390/s23031563

[28]. Y. Li, N. Raison, S. Ourselin, T. Mahmoodi, P.
Dasgupta, A. Granados. (2024). Al solutions for
overcoming delays in telesurgery and
telementoring to enhance surgical practice and
education. Journal of Robotic Surgery, 18(1),
403. https://doi.org/10.1007/s11701-024-
02153-9

[29]. M.S. Moosavi, P. Raimbaud, C. Guillet, J.
Plouzeau, F. Merienne. (2023). Weight
perception analysis using pseudo-haptic
feedback based on physical work evaluation.

237



JSTT 2026, 6 (5), 220-240

Frontiers in Virtual Reality, 4, 973083.
https://doi.org/10.3389/frvir.2023.973083

[30]. P. Jenmalm, I. Birznieks, A.\W. Goodwin, R.S.
Johansson. (2003). Influence of object shape
on responses of human tactile afferents under
conditions characteristic of manipulation.
European Journal of Neuroscience, 18(1), 164—

176. https://doi.org/10.1046/j.1460-
9568.2003.02721.x

[31]. L. Jones. (2009). Thermal touch.
Scholarpedia, 4(5), 7955.

https://doi.org/10.4249/scholarpedia.7955

[32]. A. Singhal, L.A. Jones. (2017). Perceptual
interactions in thermo-tactile displays. In 2017
IEEE World Haptics Conference (WHC), 90—
95. https://doi.org/10.1109/WHC.2017.798988
2

[33]. R.S. Johansson, A.B. Vallbo. (1979). Tactile
sensibility in the human hand: relative and
absolute densities of four types of
mechanoreceptive units in glabrous skin. The
Journal of Physiology, 286(1), 283-300.
https://doi.org/10.1113/jphysiol.1979.sp012619

[34]. T. Batty, A. Ehrampoosh, B. Shirinzadeh, Y.
Zhong, J. Smith. (2022). A Transparent
Teleoperated Robotic Surgical System with
Predictive Haptic Feedback and Force
Modelling. Sensors, 22(24), 9770.
https://doi.org/10.3390/s22249770

[35]. D. Prattichizzo, F. Chinello, C. Pacchierotti, M.
Malvezzi. (2013). Towards Wearability in
Fingertip Haptics: A 3-DoF Wearable Device for
Cutaneous Force Feedback. IEEE
Transactions on Haptics, 6(4), 506-516.
https://doi.org/10.1109/TOH.2013.53

[36]. Y. Shao, A. Shagan Shomron, B. Javot, C.
Keplinger, K.J. Kuchenbecker. (2025).
Wearable Electrohydraulic Actuation for Salient
Full-Fingertip Haptic Feedback. Advanced
Materials Technologies, 10(12), 2401525.
https://doi.org/10.1002/admt.202401525

[37]. J. Qi, F. Gao, G. Sun, J.C. Yeo, C.T. Lim.
(2023). HaptGlove-Untethered Pneumatic
Glove for Multimode Haptic Feedback in

Luong & nnk
Reality-Virtuality Continuum. Advanced
Science, 10(25), 2301044.

https://doi.org/10.1002/advs.202301044

[38]. C. Pacchierotti, G. Salvietti, |. Hussain, L.
Meli, D. Prattichizzo. (2016). The hRing: A
wearable haptic device to avoid occlusions in
hand tracking. In 2016 IEEE Haptics
Symposium (HAPTICS). Philadelphia, PA,
USA, 134-139.
https://doi.org/10.1109/HAPTICS.2016.746316
7

[39]. Y. Kim, J. Yim, Y. Yun, D. Ko, G. Lee. (2025).
StringTouch: A Non-occlusive 3DoF Haptic
Interface Using String Structures for Modulating
Finger Sensations. In Proceedings of the 38th
Annual ACM Symposium on User Interface
Software and Technology. Busan, Republic of
Korea, 28, 1-14.
https://doi.org/10.1145/3746059.3747658

[40]. K.T. Yoshida, Z.A. Zook, H. Choi, M. Luo, M.
K. O’Malley, A.M. Okamura. (2024). Design and
Evaluation of a 3-DoF Haptic Device for
Directional Shear Cues on the Forearm. |IEEE
Transactions on Haptics, 17(3), 483-495.
https://doi.org/10.1109/TOH.2024.3365669

[41]. M. Malvezzi, F. Chinello, D. Prattichizzo, C.
Pacchierotti. (2021). Design of Personalized
Wearable Haptic Interfaces to Account for
Fingertip Size and shape. IEEE Transactions
on Hapitics, 14(2), 266-272.
https://doi.org/10.1109/TOH.2021.3076106

[42]. |. Sarakoglou, N. Garcia-Hernandez, N.G.
Tsagarakis, D.G. Caldwell. (2012). A High
Performance Tactile Feedback Display and lIts
Integration in Teleoperation. I[EEE Transactions
on Haptics, 5(3), 252-263.
https://doi.org/10.1109/TOH.2012.20

[43]. Purnendu, J. Hartcher-O'Brien, V. Mehta, N.
Colonnese, A. Gupta, C.J. Bruns and P.
Agarwal. (2023). Fingertip Wearable High-
resolution  Electrohydraulic  Interface for
Multimodal Haptics. In 2023 IEEE World
Haptics Conference (WHC), Delft, Netherlands:
IEEE, pp. 299-305.

238



JSTT 2026, 6 (5), 220-240

https://doi.org/10.1109/WHC56415.2023.1022
4383

[44]. A. Lykov, A. Fedoseev, D. Tsetserukou.
(2023). DeltaFinger: A 3-DoF Wearable Haptic
Display Enabling High-Fidelity Force Vector
Presentation at a User Finger. In Haptic
Interaction (AsiaHaptics 2022), In D. Wang, H.
Shinoda, H.Z. Choi, S. Tan, F. Bello (Eds).
Lecture Notes in Computer Science, 14063.
Springer, Cham, pp. 135-146.
https://doi.org/10.1007/978-3-031-46839-1_11

[45]. J.A. Fishel, T. Oliver, M. Eichermueller, G.
Barbieri, E. Fowler, T. Hartikainen, L. Moss, R.
Walker. (2020). Tactile Telerobots for Dull, Dirty,
Dangerous, and Inaccessible Tasks. In 2020
IEEE International Conference on Robotics and
Automation (ICRA), Paris, France, pp. 11305-
11310. https://doi.org/10.1109/ICRA40945.202
0.9196888

[46]. Y. H. Jung, J.-Y. Yoo, A. Vazquez-Guardado,
J.-H. Kim, J.-T. Kim, H. Luan, M. Park, J. Lim,
H.-S. Shin, C.-J. Su, R. Schloen, J. Trueb, R.
Avila, J.-K. Chang, D. S. Yang, Y. Park, H. Ryu,
H.-J. Yoon, G. Lee, H. Jeong, J. U. Kim, A.
Akhtar, J. Cornman, T.-i. Kim, Y. Huang and J.
A. Rogers. (2022). A wireless haptic interface
for programmable patterns of touch across
large areas of the skin. Nature Electronics, 5(6),
374-385. https://doi.org/10.1038/s41928-022-
00765-3

[47]. J. Chen, E.H.T. Teo, K. Yao. (2023).
Electromechanical Actuators for Haptic
Feedback with Fingertip Contact. Actuators,
12(3), 104.
https://doi.org/10.3390/act12030104

[48]. E. Bouzbib, L. Kuang, P.R. Giordano, A.
Lécuyer, C. Pacchierotti. (2023). Survey of
Wearable Haptic Technologies for Navigation

Guidance. https://inria.hal.science/hal-
04356277v1/document  (truy cap ngay
22/03/2026).

[49]. Y. Sung, R. Kim, K. W. Song, Y. Shao, S H.
Yoon. (2024). HapticPilot: Authoring In-situ
Hand Posture-Adaptive Vibrotactile Feedback

Luong & nnk

for Virtual Reality. Proceedings of the ACM on
Interactive, Mobile, Wearable and Ubiquitous
Technologies, 7(4), 179, 1-28.
https://doi.org/10.1145/3631453

[50]. I. Gertler, G. Serhat, K.J. Kuchenbecker.
(2023). Generating Clear Vibrotactile Cues with
a Magnet Embedded in a Soft Finger Sheath.
Soft Robotics, 10(3), 624-635.
https://doi.org/10.1089/so0r0.2021.0184

[51]. P. Preechayasomboon, E. Rombokas. (2021).
Haplets: Finger-Worn Wireless and Low-
Encumbrance Vibrotactile Haptic Feedback for
Virtual and Augmented Reality. Frontiers in
Virtual Reality, 2, 738613.
https://doi.org/10.3389/frvir.2021.738613

[52]. N. Sanchez-Tamayo, Z. Yoder, P. Rothemund,
G. Ballardini, C. Keplinger, K.J. Kuchenbecker.
(2024). Cutaneous Electrohydraulic (CUTE)
Wearable Devices for Pleasant Broad-
Bandwidth Haptic Cues. Advanced Science,
11(48), 2402461.
https://doi.org/10.1002/advs.202402461

[53]. W. Lin, D. Zhang, W.W. Lee, X. Li, Y. Hong, Q.
Pan, R. Zhang, G. Peng, H. Z. Tan, Z. Zhang,
L. Wei, Z. Yang. (2022). Super-resolution
wearable electrotactile rendering system.
Science  Advances, 8(36), eabp8738.
https://doi.org/10.1126/sciadv.abp8738

[54]. K. Yao, Q. Zhuang, Q. Zhang, J. Zhou, C. K.
Yiu, J. Zhang, D. Ye, Y. Yang, K. W. Wong, L.
Chow, T. Huang, Y. Qiu, S. Jia, Z. Li, G. Zhao,
H. Zhang, J. Zhu, X. Huang, J. Li, Y. Gao, H.
Wang, J. Li, Y. Huang, D. Li, B. Zhang, J. Wang,
Z. Chen, G. Guo, Z. Zheng, X. Yu. (2024). A
fully integrated breathable haptic textile.
Science  Advances, 10(42), eadq9575.
https://doi.org/10.1126/sciadv.adq9575

[55]. Y. Gao, K. Yao, S. Jia, Y. Huang, G. Zhao, B.
Zhang, Y. Liu, X. Yu. (2024). Advances in
materials for haptic skin electronics. Matter,
7(9), 2826-2845.
https://doi.org/10.1016/j.matt.2024.06.010

[56]. C. Park, Y. Lee, S.H. Yoon. (2025).
UltraBoard: Always-available Wearable

239



JSTT 2026, 6 (5), 220-240

Ultrasonic  Mid-air Haptic Interface for
Responsive and Robust VR Inputs.
Proceedings of the ACM on Interactive, Mobile,
Wearable and Ubiquitous Technologies, 9(2),
1-31. https://doi.org/10.1145/3731413

[57]. A. Christou, R. Chirila, R. Dahiya. (2021).
Pseudo-Hologram with Aerohaptic Feedback
for Interactive Volumetric Displays. Advanced
Intelligent Systems, 4(2), 2100090.
https://doi.org/10.1002/aisy.202100090

[58]. S. Lee, S. Jang, Y. Cha. (2024). Soft wearable
thermo+touch haptic interface for virtual reality.
iScience, 27(12), 1113083.
https://doi.org/10.1016/j.isci.2024.111303

[59]. G. Pagnanelli, G. Latella, M.G. Catalano, M.
Bianchi. (2025). A Pneumatic-Actuated Feel-
Through Wearable Haptic Display for Multi-Cue
Delivery. |EEE Robotics and Automation
Letters, 10(2), 1225-1232.
https://doi.org/10.1109/LRA.2024.3519894

[60]. R. Chen, D. Chiaradia, A. Frisoli, D.
Leonardis. (2025). A Soft Fabric-Based
Thermal Haptic Device for VR and

Teleoperation. IEEE Access, 14, 33651-33664.
https://doi.org/10.48550/arXiv.2508.20831

[61]. Y. Wang, J. Li, C. Wu, X. Li, Q. Li, K. M.
Digumarti, C. Cao. (2025). T-Touch: A Soft
Thermal-Haptic Multimodal Fingertip Wearable
Device for Immersive Virtual Reality. In 2025
IEEE/RSJ International  Conference  on
Intelligent Robots and Systems (IROS),
Hangzhou, China. https://doi.org/
10.1109/IROS60139.2025.11247742

[62]. H.H. Ly, Y. Tanaka, M. Fujiwara. (2021).
Tumor Depth and Size Perception Using a
Pneumatic Tactile Display in Laparoscopic
Surgery. IEEE Access, 9, 167795-167811.
https://doi.org/10.1109/ACCESS.2021.313569
8

[63]. M.T. Thai, J. Davies, C.C. Nguyen, P.T. Phan,
T.T. Hoang, A. Ji, K. Zhu, B. Sharma, E. Nicotra,
T.T. Vo-Doan, H.-P. Phan, N.H. Lovell, T.N. Do.

Luong & nnk

(2023). Soft Wearable Haptic Display and
Flexible 3D Force Sensor for Teleoperated
Surgical Systems. Advanced Sensor Research,
3(1), 2300105. https://doi.org/10.1002/
adsr.202300105

[64]. D. Luglietto, A. De Benedictis, A. Marasi, M.
C. Rossi-Espagnet, A. Napolitano, S. Capelli, V.
Ricciuti, D. Riccio, C.E. Marras. (2025).
Simulators  with  Haptic Feedback in
Neurosurgery: Are We Reaching the "Aviator"
Type of Training? Narrative Review and Future
Perspectives. Life, 15(5), 777.
https://doi.org/10.3390/1ife 15050777

[65]. A. Gani, O. Pickering, C. Ellis, O. Sabri, P.
Pucher. (2022). Impact of haptic feedback on
surgical training outcomes: A Randomised
Controlled Trial of haptic versus non-haptic
immersive virtual reality training. Annals of
Medicine and  Surgery, 83, 104734.
https://doi.org/10.1016/j.amsu.2022.104734

[66]. P.D.E. Baniqued, E.C. Stanyer, M. Awais, A.
Alazmani, A.E. Jackson, M.A. Mon-Williams, F.
Mushtag, R.J. Holt. (2021). Brain—computer
interface robotics for hand rehabilitation after
stroke: a systematic review. Journal of
NeuroEngineering and Rehabilitation, 18, 15.
https://doi.org/10.1186/s12984-021-00820-8

[67]. R. Wu, K. Chakka, S. Belko, N. Khargonkar,
K. Desai, B. Prabhakaran, T. Annaswamy.
(2025). Comparing In-Person, Standard
Telehealth, and Remote Musculoskeletal
Examination With a Novel Augmented Reality
Exercise Game System: Pilot Cross-Sectional
Comparison Study. JMIR Serious Games, 13,
e57443. https://doi.org/10.2196/57443

[68]. A. Saracino, T.J.C. Oude-Vrielink, A.
Menciassi, E. Sinibaldi, G.P. Mylonas. (2020).
Haptic Intracorporeal Palpation Using a Cable-
Driven Parallel Robot: A User Study. IEEE
Transactions on Biomedical Engineering,
67(12), 3452-3463.
https://doi.org/10.1109/TBME.2020.2987646

240



