12 United States Patent

Reiserer et al.

US011745180B2

(10) Patent No.: US 11,745,180 B2

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(65)

(63)

(1)

MICROFLUIDIC SYSTEMS, PUMPS,
VALVES, FLUIDIC CHIPS THEREOFK, AND
APPLICATIONS OF SAME

Applicant: VANDERBILT UNIVERSITY,
Nashville, TN (US)

Ronald S. Reiserer, Nashville, TN
(US); David K. Schaffer, Nashville, TN
(US); Philip C. Samson, Nashville, TN
(US); Dmitry A. Markov, Nashville,

TN (US); Michael Geuy, Nashville, TN
(US); Lisa J. McCawley, Nashville,

TN (US); John P. Wikswo, Brentwood,

TN (US)

VANDERBILT UNIVERSITY,
Nashville, TN (US)

Inventors:

Assignee:

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 18/084,634

Filed: Dec. 20, 2022

Prior Publication Data

US 2023/0122594 Al Apr. 20, 2023

Related U.S. Application Data

Continuation of application No. 17/623,350, filed as
application No. PCT/US2020/040061 on Jun. 29,

(Continued)
Int. CL
BOIL 3/00 (2006.01)
FO4B 43/12 (2006.01)
Fil6K 11/16 (2006.01)

45) Date of Patent: Sep. 5, 2023
(52) U.S. CL
CPC . BOIL 3/502738 (2013.01); BOIL 2300/0627
(2013.01); BOIL 2300/123 (2013.01);
(Continued)
(38) Field of Classification Search
CPC ....... BO1L 3/502738:; BO1L 2300/0627; BO1L
2300/123; BO1L 2400/0644; FO4B
43/1261; F16K 11/163
(Continued)
(56) References Cited

U.S. PATENT DOCUMENTS

2,944,529 A * 7/1960 Wiggermann ........ F04B 1/2042
91/499
5,149,505 A * 9/1992 English .................. BO1L 3/502
435/287.7

(Continued)

Primary Examiner — Minh Q Le
(74) Attorney, Agent, or Firm — Locke Lord LLP; Tim
Tingkang Xia, Esq.

(57) ABSTRACT

Microtluidic systems, pumps, valves and applications of the
same are provided. The microfluidic system may be a pump
or a valve having a fluidic chip and an actuator controlling
the opening and closing of the fluidic channel 1n the fluidic
chip. The actuator may be disposed to tilt from the fluidic
chip, forming a tilted-rotor peristaltic pump. Alternatively,
the actuator may be a rolling ball actuator, and different
fluidic chips may be used in different applications. For
example, the fluidic chip may be a spiral pump chip having
spiral channels, a rotary peristaltic pump chip having mul-
tiple output channels, or a multi-port valve chip having one
port interconnected with multiple different ports. An ana-
lytical valve chip may switchably interconnect bioreactor
and rinse/calibration mput channels to sensor and waste
output channels. The actuator of a random-access valve can
move from one valve position to another without opening or
closing intermediate ones.

11 Claims, 9 Drawing Sheets

101




US 11,745,180 B2
Page 2

(60)

(52)

(58)

(56)

Related U.S. Application Data

2020, now Pat. No. 11,565,256, which 1s a continu-
ation-in-part of application No. PCT/US2019/
047324, filed on Aug. 20, 2019, and a continuation-
in-part ol application No. PCT/US2019/047307, filed
on Aug. 20, 2019, and a continuation-in-part of appli-
cation No. PCT/US2019/047190, filed on Aug. 20,
2019.

Provisional application No. 62/868,303, filed on Jun.
28, 2019.

U.S. CL
CPC ... BOIL 2400/0644 (2013.01); F0O4B 43/1261

(2013.01); FI16K 11/163 (2013.01)

Field of Classification Search
USPC 137/3, 625.15, 625.17, 833, 887, 616.7,

137/827, 828, 422/602, 64, 72, 505, 542
See application file for complete search history.

References Cited
U.S. PATENT DOCUMENTS
5,840,069 A * 11/1998 Robimson ............ FO4B 43/1269
604/153

6,296,460 B1*

B2 *
Al*

10,982,666
2008/0131300
2013/0189120 Al*
2013/0287613 Al*
2014/0154118 Al1*
2015/0306596 Al*

2015/0308578 Al*

>

2017/0058881
2017/0096995
2017/0268496
2017/0292510
2017/0306944
2018/0058438
2019/0353158
2020/0377241
2021/0239108
2021/0404459
2022/0362769

A - << - - - 4

TRz

* cited by examiner

10/2001

4/2021
6/2008

7/2013
10/2013
6/2014
10/2015
10/2015

3/201
4/201
9/201
10/201
10/201
3/201
11/2019
12/2020
8/2021
12/2021
11/2022

O ~1 ~1 ~1 ~1 =l

Smith .......o.cooennenn FO4B 43/14
417/475

Winking ............. FO4B 43/1261
Junod ..................... FO4B 43/14
417/476

Nelson ............... FO4B 43/1261
417/474

Gould .................... C12M 23/16
417/476

Hendrickson ........... FO4B 43/09
417/474

Thompson .............. F04B 43/12
422/505

Block, IIT .............. C12M 21/08
137/625.48

SUgIura ................... F0O4B 43/09
Imai .....cooeveienin, FO4B 43/1261
Mclntyre ............ FO4B 43/1261
Buckle .................... FO4B 53/16
Hays ..ooooooriiiiinnnn, FO4B 53/16
Ochoa ................. FO4B 43/1269
Wiederin ............ FO4B 43/1253
Cichy ..o, F04B 13/00
Imat ..ooooevvviinininn, FO4B 11/00
Boyle ................. FO4B 43/1261
Reiserer .............. BO1L 3/50273



‘h"l -t

et
et
‘-‘I-.‘.l-.‘ ”‘
™t s
-..I..II...I.J.. _.......l_wtl..l el
- - .
- o
0 et P <o . .
- - -mal e el
- ara -
s " "=,
.l.-_l_-. e - o .___.J.-i
~ i Iy ..__..-...l..._l : 0
.-_..-...__ “ll ..-_z.._.....l...__ ﬁ..-.l-. ] ; ._-._“v ] n
-~ . , a )
1 " . BT ; s
-.. r\.bk-.. .__.].._..._'.___. r!..l..._:-._- -T.._l..__ - Rl | W .." ”
.-..-..-. H_-# [] L] 1 ‘4
) ' h) 4
\f, “a, o e : :
' e '
e, Gy e o .-“N 1 R P 4
e e o K ; o T p
- ..tl'?..l‘.-"“ ' [ 1 o - o e . k™ - - &
e : : —— . P e . ~ - - L .
LS " - el i " -~ =, .
'I-lﬂ -"J.._.j.r..-. - |" _-.Il.l -’ '._n. ta l..!q _-_.- T * - ”
rr...__...l.._r_-_ = e ! ; Ry e, .\.H e L T
i : T AR A T
‘.r.r .Il..ﬂ_n—_..-.—_l_...l i * .“.__-.1 3 ._._r.r ¥ - T . - n -~ " ..-._\.-. .v -."
. - - o -l -
- ._ﬂ W Twa L N I N M 4
1 __......il..___.. ™ * el e - -1 * v
- " v"! T "L m- “.lul.,..l..l.H — - .__._. H
I”_ - l_.,.._l...l..ln._-..'..l.-l.l.r-.'.]i. -..- l.. r ) - .li. .-..-.-
1 eah e e e -,......-_..._. - ._... . s
& L .-_._.......-. "J " T " ral
b N .‘.\..- L l“ LY - - ..-.l.-. -
h‘l\l .ld..-.lJ- * i - I._ﬂﬂ_l.-..l.l. - r
e Cimim e e e
7P, v bbb
ﬂ <. P T I
.._l.. !.l.r,.l.l.rfl . 'I.lillj...t ._........r...-r_..l.lr.-.....,.. .rlul_rl_..__-_l
LAL R - e
- o m R o - -
- - d . e L P, . u
ool .1.-..-....-..-:-. l.l.._-- -_.__ - ql.r...l .-..I..._l..i..r.._._..-.llll__.l.-..r..___.. .._......r_-.l.-._ .
.= - .
T l..i.-. ﬂl Nh l.w. .lr-.-. ._..- ...ll. l.-.\l 4 .l...-.lfl _-_fI L
-, H
ﬁ l.ifli.-_.-_l o -......I r.J |
'J

il

P L

.
Y
]
3
4
[ ]
4
-

"'u...

\‘

.

L

o
l‘*..@':"

L]
S
]
e
]
o
4
4
.-I
?
.~
;"
[
X . R
.I‘;_I,:-L:-T:'q. R R AL L]

Sheet 1 of 9

oy m mom o P ETw T
.ﬁ.tﬁit“tt‘_‘
e = R
.
L] d
LI - =" 4
. . S
lg“.
¥
1
L
L}
'l
Wit

'-i':'-ll.-".

v

"
"
4
L]
Y
- -
)
1
]
Y
o
A
'*.'._*

-
IIIIIIIIIIIIIIII

‘‘‘‘‘‘‘‘‘‘‘‘

O
-
Od
£ 3
'
:
¥
H
e
"
%
b we
“!
N

G1Z 4¢ 9ld Gé 9id

f..... .
&

A A - L B B L

Sep. 5, 2023
Do
2
. -
&

g ol i ol i S ol e e i i S ol e e e e S i )

Bt b b b i o e i o o ;
1 o . g . e o e e gt

101 90}~ L0

U.S. Patent



US 11,745,180 B2

Sheet 2 of 9

Sep. 5, 2023

U.S. Patent

-5 L ]
| . [ |

-

pnEEmnl
n s bt "
R R a - L] ]
r..-”r.r. o .rLr-.r_-_r-_rLrer Pl
o o B L Mo A
PRI a2 W] x|

s ""‘ iy
L

L L !
x..u_.r.rr. o

W 091

* » P i ui -iﬂ-w ’

] iiiiiiiil‘iiﬂ.ﬂ.ii‘ﬂ

ol -

N

A

-

- . 5
L L
i

sy i
S

e

o "
.H.-_”n b
A -
X LN

AN X

XL

i

.

L |

o

)

CA

b

*

B AR

JAS!S

R R R R
:

LT

......-...l.!...f....-.-_l.l.-.l.-ll.-

- ~
i e .

. P,

LB K K % B K B N

\
A .... - 2

]
L

5
¥
s

.
. e s »
& & FERFT

s PR SRR EET

[ S R VR VRS Y O VR VRSN SN WU VR SN S VR S SRR VR W S SR R W N WA VR SR W VR R S U
F T ¥ EYFFEYEYFEYYYYFYEFYFFSFYyEFSFYFSNFYFSFYFSSFYYFYFFESYYT
[ ]

L |
! d
.-..—_ .-.-.1
a2
¥4 s R A
] .
- r
v - A "
oot R A N S A

.f1.:‘.:1.:-Ji.f'.f1.:‘.:1.:-Jie-fi.f‘.fi.f-Jie-e1.:‘.:1.:-Jie-e1.:‘.:1.:-Jie-eiaieie-aie-f.
L

u_. ’ “.
Fy s

(od 7 ot ?

R e e s rr e r e e e rh

| FEEFPFFEFEPFEPFEEPFEPFEPEEFEPFREPEEFEPFREPEPFEPFEPEEFEFREEFEPFEFEEFEFREFEEFERER 1.'
a ]
L] -
- L]
b A
n
. # ‘
L] £
£ . )
F] i
¥ it )
d .
] )
- ]
]
..' . '.
-
- -
s LT T T T T L TR T L TR I

' ._-.ll......l..l.........l ..-.-...,l_...._.-...-__ ’
I e o e
e
e
O s
e ..l.-.._.._..l._-_._-...l_rll._. '
. .ll." [ ]
l‘a.‘.‘.‘..‘.‘q'.r“l' E.

- .'."

"o u
o
l-"i-"'l;a"-" .

By

“u s
2w
A
o I'.tz Y
L ] ‘:-'.-:-—-
ALK
-._';:
4
E |
g™

.. . -.
m. ; m_. rAA Ju...“
» ] B}
TeaaTaaiy RIAL
” ." ._._"H % N ” ...Wnl... ". "_.|" . . :
._“ = “. ....-_H | 3 ”.u.- .._".r ”.-. __." ”. S
-_.- - .-.I R .rl_._. .-l “‘__in - ﬁ 1‘
. o OSSR IR S o
% LTS B
-

e
"
L. -

.

A,

*

L il. I““
.Jl..l_-..-l...l,.l.ll__...l...!..l.l-__h.
R T il oy

* Y

X
l.__..ll._. Fat Aty ...ltulnlln.”_..__.-_.-
e e
el O e L

-_t....-l.,.._.n.-_.i.n.l.l...__._-. R .ll.-.!
at ety b

e . - -

Lt bt h.* _—

k

-
o i -

e F FREEF R oo

"
et
allgmy

-
..

dy
__.l.......n
EN
__.H....".-..
0w U Pl
o - n LT
Ea N ¥ - . .
o = - s AL ] .
L S i W - - ALE i o
ir - - ir ir o
& & X 4 r - L i |
e ¥ ] .
n.._..._.l.._..__l o . “ m . l.-....l.._. (=
o . E n l....._.l.....___..1.
EN_ = ! e o)
W x L x ' . x AR E
g A E - AR L e i
e 3 - u n ) |
- W e - i ! P e i e M m
M * e N
+ K E .
Tl (O e
K . g K
N E (]
u il
J - r " r o

a .__. . .. l ._.. l......... ..
) " Ll L
AR R R R LY i..+.
o d dr Ak d e k ke ke ko x P 1
G e I -
e F g ERERRERR Ll |
¥ L) E
- LAt ] -
" EErmr =

* -
- - R tarn

-
P e ER RN N PR i



US 11,745,180 B2

Sheet 3 of 9

Sep. 5, 2023

U.S. Patent

[

[ e e e

[ L WL . W, WP, . W W, . . W, . . W, . . W, W . . W, W . W, W, W, W, W W, . W, W W, W, W, e, . W, W, . W, e, . . W, e, . W, W, e, W, W, e, . W, W, . W, W, . W, W, . We. Wr. W, W, . . e, . . W, e, . W, . . w. W, we.

LGS

e e e e e e
_-_-.”..__-__._.-_..__-.._”_-_”_-_.-_.-_-__.__u_-._-
o aTe ey N
L v
L B d
P

-
LT e

e e e e e e e el e e )

Ll el e e e T e

Fiiiiiiiiii*iiiiiiiiiii1***iiii......_...._.-.._...._.r._.-....-.._.r._.-:_.r._.r._.-:_.r._1.._1...1.._1.._1._1.._1.._1..1.._1._1.._1.._1.._1.._1._1._1...1._1.._1.._1.._1..1.1.1.1.1.1.1.1.1.1..1.1.1.1.1.1.1.1.1.1.1._1.._1.._1.._1._1._1._1.._1.._1._1.._1._1.._1..1._1._1._1._1._1.._1.._1.._1.._1.._1.._1._1._1._1...1.._1._1._1._1.._1._1._1._1.._1._1._1.._1.._1.iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiib

a9 9l=

L GG

L L R L e e ] i.-_".-_.iIli”i“i”i"i“i“i”.—..l.—.“.—."i” o
L L R L L N B N *
- Lk T T ] . .4
L L e N ol b ok * LN
e . L
Y '.-_.-..-_- .-_.-. .__.-_i ._..-_ -..-_ L .-_.-..-..-.l_.-..-_.-..-..-.l_.-..-_il_.-_.-_.-.l
iiiii.._iili .liii ..-.. .‘iii .ii- L .i i- l.-.i....-
LA B - o ok | = L |
Iil“l“li.lii“‘“‘” i‘”‘”l“'”‘. I”iilili‘i. .”i“'”l- MM M A M N N K KN A
LEC D BE R BE B BE B B R BL B BE B NC R B .-_.-.-..'l__.
r L)
.-____.__
*
o
L LY
*
o
L LY
*n
o
o
L L
o
o
o
o
.-..'-___.
*_
]
N
-
X
F
=
HHH

'
Dl e e e
Ll e e e

N BN A A EEC EEC EEC S ESC EEC EEC EEC BT ESC EE EEC BT S ESr BSC BSC S BSr BNr BN BNF BT BSr BN BNC BSC BSC BEr BC BN BN BNr BC BN BN BNr BSC BNr Br BNr BNC BNr BNC BNr BNS BNC BNC BNC BNr BNC BNC BN BNr BNC BN BN BNr ENC S B S N N BN A N EEC EEC A EEr ESC ESC BN ESC ESC ESC EEr ESC ESC ES EEr ESC S BN BEr BSr BN BN BNr BSr BN BC BSC BSr BNr ESC BSr BSr SSrpler ESr ESr BSC ESr BSr BSr BNr BN BSr BNC BNC BN BNC BNC BNC BNr BT BNC BN BNC BT BN BN BNr ENC BN Br SSr e S

OvS

W W W W W W W W W W W W W W W W CWE W W W W W W W W W W W W W W W wE wr wn '.l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l.l..l..l..l..l..l..l.J

EL Rt L P N
1
1.1"4 .'iiil.'.'lif i‘ii.

PR R R E R R EEEEE O CEEEEEEEEY PR R R

] 11
m.__. . i i ¥ ...t....
? 14 . L] ]
.r_r.... HH i % rrr

- i
- (X - Y
] T M o i gy g e T ; T T ANy A o TR
1 g e Sy

x
dn
.-l.:....l .lr.....__l..l._“_.-..ll_.-_.-.l_.-_.-.l_l.ul..l.l‘.
- -

e .I.-__.I..r.lr___ . ‘.I...l....r LT .
jll.w-....l.I_.-..-_.-_.-..-_.-_l....._.-..".\ l.lr.l.,.l.!l_l_l.l_l_l.l..”_._lli.. _-__-

. Ey F) » 'Y - - a a - ] " - TR
i i .q_.... __._.._ . v \.1\.. - " " - ., “- H 'L rr.r.. v . ..__.t ___..-_ i i
t o L) v ) LT At T H s Y 1 i i
) (N s v * © g s ! e an i i
i ! 'y ¥ .k M V. tr Iy a . i
b L] _- 1k ] 4 br a’. ¥ s .
r r - " L " ) o W M 3 i
L mﬂ *a Ny fw Mm " W " %M .
] ] - ¥ - ] r s i r ] i i
e N A SR fr ot Jio
) R R L .__.. . " . N ; H b A LR Ji ]
" ....- -.”- -.. i- -.. -1 l.‘.- ' 1- l. .l‘. .-l [ ] LIl L.-. -.. i. Le .-1 -I i.
.._.._.I.- L A .__-..I._.J. r . [ I— " o Fowom = .- -.Ill..- - A -..r._.li
- . <. . o L .l\.-. r.-.l - . -
_-_r__-..l.-.ll.\.-.. i PR L._..._......-.....-..._..__.:. e ._-l_.l.-..l .-.I.l.\.-..
L .-.-Ul.lnl.lnl.lnl.lnl.ln|.|U|.|“|.|“l.lnl.lnl.lnl.lnl.lnl
¢ ') L 4
id
113 -
. '3 -
A 1 il*l -.I
™ £ i -
N 1 rl.l.l‘l.i.l..lrl.l..-..ﬁ..l:l.i.l:l.i.l:l.i.l:ﬂ-l_'.l. [P Ep R —————
I T ) ) iyarrrrrnmn ’ .l.__.ll..l..l..l..l..l..l..l..l.,.l“.\U
- r RN e ‘- -
..I-_..l.-. e “u ;.INT.II. lfl!”lai.iiiiiii.,ili.ﬂ‘!_ i‘jtﬂtli..iiiiiii..ijr.lh‘uﬁ.l L BT T R XY R RE R AT ..I.-..l.-. ._.__-_.._-
11._1.._1-.. o -_-..-. memty - rl Ty l\l-. " -._1._1.._1._- - _-.-..- -l..l.i._.- " -_....-..f | BRI
£ . - " . - - b "
l' . ﬁ‘.‘ " ] ! ﬁ‘ [ .- l- . n i i . ___... -- . I- ] i.
l' L H.- L * * rl 1 L | l-. ) L] .....-. r A
. L)) [ LI v i [ LI 1
A ;9 ooy Voo WO S wo
e 4 b I i ¥ a . ll r ‘a
" 4 H r | i L .. r .
y Wl ot .._" " i o] * M“. - ot A
t__ a T [ -+ L] L] r L ] .- L 1
] . <y e = i ' i ¥ ’ .
;R AR 2 i
¥ - I | + - i a7 ) L .
‘ UL T " ! - . * . r._._ A i a " .-a_. T . S0 A
[ . . " PR - . T L™ \‘i\ [ —— -I-i. -~ o . - L.
- ut - * i - P - Fa - -
.J_ll_l e _-.,-....._.l.r.r__..l.il r_ll.l.rl...l -....:-..rl..-l._ .J_-.l.-.._q.-. l.-..__.I

e vk e kv i vk ke .-_...r:....._....l:....._.....r:...._-|.-I:....._r...r:....._...f*ff*fffff*ff*ff*fffff\l
e L) i ’
h K] if ;
] iy . % be
4
14 rl
1 r._i.__l._l.._i._l.“.ﬂ...._.l.-lll ._1.__1._1.._1._1.__1._1.__1._l.._i._l.__l.__ﬂ.._._.l_-.l_-i__ .__l._l.._i._l.__i._i.__l_-.._”-
el r NN N O o
- ...I.._. .- e " j-.-_..-_..i:i.ri.l..l B .._._-_-_l.r.”r._-_-r.j-j-j-j-j-.-..l..i.-l-___...l. l._...ln._-ﬂi_.l.j-j-j-j-j-.-_..-_.i - i.f.-l.ii..l-l-j-!..\\\‘ - e ai e
L r ol A " & & .. - - [ ] ok r - &
FtL Sl W P s A b ™, ¢
r [ . = ¥ LI ) - Tt 1 .
r W r .. vd s 1 Y m% LR a4 - ¥
r 4 L v ! o N E . X 1k Le
. ' oF 1) - M 1 > m [ M N i
a4 P oo i L 2
o Son P I o A
r ik g T LY i , b m_... it 'k S
¥ n -.. 1__ l" v -.- l-h " “ -.'- .-.-. ”' . ...- ..- % 1 -.. i "
r & = - » ..-. . . » % rs [ 1 L]
Ll o | rr .I.LL- by . 1..-_..1.1 -.__..i_...n_....- -_-____- - . ety ....-.-.-1 = Ll ot el ¥ r' . l\-\.‘ by
T e L ] ~ " "
...l.._..l.__l.qi.l.-. ! = I.l.'l_i - P I..I.'I.I.....I.._.. L._-..I..__ql.__l.i..nl. *a ._..l'l.ql.l.-. *
O .vm P e
| i ¥ ]
$'4 L ¥ 3 :
. 14 ) a
. 4
__.._“ "._...ml‘._....._..l‘._....._..l‘._...l.. Mﬁhr-‘.i-.rnrlr..nﬂ...“.i.li.i.li.i.l.l.ﬂ.l ....-__..l_..._.......pﬂ...__...ur
L o e e e e e e ...u
- e e, . - il ol -
r ..__T.-.___ﬂ“.l..l..l.:l..l..l.:l..l..-l._.i.l. ' ll-ul._r.l.._l..l..l...l..l..l..l..l..._. I.h.l.l.I.!.. r.:l..lln.l.l...._...l...l..l..l..l..l..l...l.l..-‘-l.-i .....I..l!.-...l..-..-_ I ._.r..._
S N N ETY et R RN
' ”- 1 -.. r [} h.._. l. ” -" .-..-.- .-.- "l ! i_- ..-. ] ._- o Ll .” L |
'Y 'y nE ) F T . 4 ! 'y N I i "
¥ ”._r ._“_- ..-_F ..H ."- ._"| “__.- L da ___.” "
[ ] "w __.- ..... .._. ..“ L] .___. .-.._ ._.q. +... n
. T r 1 [ . - ) o o ] L
. ¥ 1 T ' ] . i ] Py
[ ] L r i ] Ll ] $u L ] L] = i n
S beooah A LI A TR o
i N ’E ¥ P u " [ N F i ]
A S AN AL S SEa
x”xx A xx:mxxxnxnx”xxxnxjxn.x:m n “l.ql.ql- r._r ] . __.__ —l.ql.ql._- a-r . l-!‘ .___.ql.ql.a... ....__.__. ..1.....-... ...qlql.ql ..ri: u ' ul.ql.q..-. r-_r . ] h.__..- ...-.1|.1|_-
- - - - - - - .
. : . .l.-..l_-.l.-_l.r.-..-__. .l..ll.rlll..l... k.il.!ll....._-.. l.:_-..r.-..ll._. .J_-_.IIII__-I.II.

4 oo s N DT el T oo RN
Y w2 Wi LR T
. . 1} ) | ] a4 ' Lo . - ' §
L] L - r i k= L L | [ ] LN ]
. - ik ] i ha N - . B I Tr N
L] L ] [} r bk L] 4 [ ] [ | | [ ] 4
g F <k ] b M- ’ s ] * a
-~ &4 W £ o4 o o .o
ol L] P [ o Jioa M-
. A i b [ 3R] x4 < v - - 11 . R "
1 .__. -.. L] .‘_- b 1- " T .-i [} r- a -.. 1 _.r- > -n 1 3 . r & N
* ] - . T ] . r . N i o= .
iii!iiiiiii.—.ililili.—.iil. r P A 'III- " .-. .-..r.r+ + LL- i W .-_- - Finoda rr ) - LI
e e N e e e 3 i . -.J....-._r.._.. r.l...n . .r!-. ........... -__-.ru ...u__.... . L ._...__.... . ........__-_ . _.........__ .
ELl el 1 e aw N T Tty ™l " e

.‘..1

4

=

h‘r*!?!!?*!?*!?*!?*!*— mir. alir, olir. nlir. nlir. lir. ~fir. olir. olir. olir. e ofir. olir. olir. e, 2. o, olir. olir. e ol ol ol ol ol ol ol oy
r

4

. m”

L3 ..-._-I..i._-...-...-_.-_..-..-_..-_

¥ e s

- b

3

*
i
X1
2 ,
i
&

.—!?!!?*!?
1
1
1
1

=

LS

1
LI I .‘.‘5*.‘.’:.‘.‘-.‘ LR B B B B N .&".’}'

=

LN N L] .l...l..l.ll.-.l_.-_.-.l_ll.ll..

& T
ERE ) e B - g By
..1.-. - J_l_._.l...“l.l.l.l.l.l.l.l.l.l....-.tl.,.ll .l,._-..iF”lil.l.l.l.l.l.l.l.l.!-..l._.ll ._l-....l.-.__.ll.-_l.l.l.l.l.l.l.l.l“.ﬂ.-_-i.. ....l - .I.-.__. _-_.
r i. .

povy oy O+

N/

I!l!!l!!l!!l!!l!!l!.l__.

o

EE X

k w
; 8
k

<
A L

r
-.—.1-..‘-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-.l.l.-....‘.

] i
; m“ rk .rr.... Now

v Old



US 11,745,180 B2

Sheet 4 of 9

Sep. 5, 2023

U.S. Patent

+*

| B}

- on

e x g

b od oo i N  x ks
Py x x x

[ N T
o, W
..............."«H.__ H.r

F & o
Plaftgtate ....”.1..-..-_ t.-ti.r.r
Exxx L)

i
R K REMRERERN A
AXTETREREREEEXIRERERSER L]
ERENERTHR HIIHIHII w
k LA I X ] IIIIIIIH
L] I

o - .
S e
Pl el i el gl gl g

y e v e et e e e e g e e e & .
l”.r.r.t.;..r”.r.r.f”.r.r .-.I i .....r.....;..r.;..r”........r. .rH.r .r.:..... ....”.r W .......;..rr.r....r”.rb..rb.r.u
T .t.r.r.._..r v .r.....v”.t.r.r.._..r.._.....r.v._...._.._...t .r.....t.”..t.... ) ._..r...._......t._...r._...r...n
1”..1......_. .rH........rH.r * .r”.rH.r gyt .rH.r.....r”.r.... .....r.”.r.....r.._..__n.__
S e LA -.rn a ..
T ) .._.r.r.._.r.....r ....H._1.._.....H._1|.....ri..1
- .r”.r.r.r....r”.r.:..r.r.r”.r .r....r.r.r * x
e 1....1”..1 .r.r.r......_..r.r._...t > .r”.r....... .r.....r.....rn.._...

™ s .rH.r gt .r.....r.....r.....r.r.r”.__ H.r.....r....._...._..r -
' .-..H.r |, ._.1..1 .r”.r.;..r .rH.r....r.;..r.:..rb..r.;..... > .r.r.r.;..r....r.;..r”...n.

- - .”.r Pt T . > .rH.r.r.r.....r._...t .r”..1.._..r.;.k”.r...k”.r.....r.r.r...k.....r....t.r.r....rh N i, ]
e r 'y T L - h.__. - .lH.r.._..r & .r.....r.....rH.r ....H.r.....r .r.....r.v.r.....r.r.r.....r”.r.....r.r.r.....r.ri ) ....H.r.....r. " HIH
- X R e T Pt 2 B O o S S g g g S Sy oo x ]

* BT R T, . T 2 Y A o g "

] o ek ke W gingling * . Ak ks S
- RN o X & Y X R X
N R . x vy 2t . - g
- .”.r e .“ gt 1% L~ E..r A A rw x
e R i .r.rﬂ H.-H Y o i, .r....._...t.r.....r.....r : v - .r” ey
R AR SOOI o
'
B e T T e e e e ] e e O A e el e Mt et S
\ et o e il e L e e e e e e e e e __......r.....__ ]
R AR o r x wr X bl e e s -
P S S S S R i - o T N O T X ki . 4
e e e e e e TR O e N e N N ) Py B ' w
. r...ﬂ...ﬂ...:...ﬂ...ﬂ...ﬂ...n...a...a...a...n i, xx”al .rH.r.r.r....r....rH...H.rH.rH.rH.rH.rH.rH.rH.rH.rh..... uH.rH.rH.__. "..H_
- -
lllll"lllllllllll—ﬁl..ﬂl dr dp o dr b b A e b dr O e B S O o A A M
g R N N N W e e A S
e ......_..r.....r.r.........r.....r.....r.-......-..r.!.....-..rh.r"._1"._1...._1.!._1h S et et P et e
o ] ' e de Up dr e e b A ke dr A dr dr 0 e b e A s . "
LT ) e Py N
i s e w a ae e  ae w .r.r.r.r. ) S N
L e el et N X ¥ X . wa ] x P

a2 x

- l._...._. .t.__......_..r Pl ity

& A .J.T.T .r.T.r .
- .._..r......_......r Pt

. .1..1..1.............1“..1.......”.........1....._»
.r.....r.............r .........r Pyl
RN X

A .....r.r .r.r.r .....r.r.r.r '
. it i

X

.r..i.r.r .r.r.-...r.r.r.ri... . .-_.l.-.-.
. i.r.t.r.v.....r .t”.?.r.t.....t”.r._...t.r.-.......”.rn.t.... t trllﬂl: r . L‘
.__..__..r.....r.r.... .rH.rH.rv.__ fiash .r.....rt.r”.r Pyt i iy rrllﬂl:.
i ! " R e T
P S S Sty B . " ¥ Ly k
ala W EEN D NN
- A
h....r”.r.....r.”.__ ENE P Wy v e
ot T e e L
x ¥ X Lom - Pk bk kK 2 e d
PR S S I e S S S St i, i g

-..“."

ok b k. ax b d e N

L] o o A P o &
.'..T.”.T .TH.T o .TI.:..-..T .T.T.r .T.”.TI.T”.T .T”.T ” .'.r
..'..T—..TH.T.T.T.'..T.:..T.'.E .T.:..T .T.:..r .TH.T.—..T.:.—.

xR I I n .
nknnnn“a“a“n“a“nanaanana
ol : R R

Kk k ok ki h

L ar w w w]

- .l-.r.._..r .r.....r.............r ﬂ”
N P N
N » .__....r.;..r.:.........r....r.r
.-_.-_tﬁl.' kA A A dr
[ o e e

] Iﬁlﬂlﬂﬂﬂlﬂlﬂlﬂlﬂlﬂlﬂl

.-_.r.-.lﬂ

I

adr dr de by e b ode doa

CE NN N N e e BN

PR )

L dr dd ke d drode kM oa POl e ™ i & & k-
.l-.r.t.r.t.r.;..r....r.;..r.r.....r.r.......k.r.t.rb..rb..r.. ) l....r.;..._.;. ..........1.:...1.....1.;...1..1 lﬂl o > .-_I l.l.-.l o
o e b b d d e d e b b U A s Fog Py e W) -

b A d de dr bk A b bk b A & A o o B e W )

e g a e a  aalal aa iy X Carar A . Ll oL

e e g e e de e e e de de e dp de e de deow x de e b
. l.r.........r.r oot .r”.r .........r....r....r”.r.__..r.rb.......__..r....r.r.r....r Pty
o .r.............r.....r.....r .........r.............r........ Pyt .r.............r.........-...rn

N

e b dr bl ol i

[ l.r.r”.r.r.r.....r.....r.....r.r.r”.r.....r.r i e e o
. “.r......_.H.rH.rH.rH.rH.._......r”.r....r”.r”.r.r.r.r.r”.r....r....r”.r”.r” H.r.r.r.__.
.-_'l..r.r.._..r.....r.....r.._..r.....r.r.r.._..r....._. .._......r.r.....r.r.r....... .r.r.....r.._..r._. LA N
dr dr e de b de dr dr o dr dr de Jpode de de dr o dr ki .

at .r.v”.v”.r”k.....v”.r.rk”....r.t”.r.....v”.r.r.t”.r.r.t._.
- ..r.....r..1.r.....r.......”........r”.r....r”.r.......”.rk.r”.r.r.r...
b A dp ke b de de h Jpodr dr dr k
S P
F o kb ko b

-
r
-
T

o S e » b b b de b M & W b O
.....rrk”.t .r”.r.r.t.....vi.r....t .r”.t i .r.....t.r.r."...r Pt P e i
e T e i P i P !

PR

PN N x ] .=
R T R X X ERESX XX

.T .T
L e e e

L

a's o g
R N
-1 e R oo
- - . 3 .. - .
. F - r DI r
- - . . -
a a . ' F o F
- L1 a - - -
- .
k -
a T
.
- .
- .
. .
3 »
"
) .-
.-_.-..-..-..-.n - ...-..-..-_ e s .T..r..tlkﬂ.._w.....v.rl - T
e - I”li.....r.....r”.r”.r.r.........r.....r l.__..-..-_.-.“.__ ‘.
*l_ b ¥ .-......r... l.-.l.-. ‘.

&

N "
' r .
- . FoE -
r - noa - .
. L ) .tk“t“k#k#t”k”k#t#kﬁ.rﬂb.rl -y i .
" e .r.._.._.1.r.....r.r.__ > .r.....rH.r.r.r .........r”.r.....r.v.__ . -
1 - . W, l.”.r * .r”.....r.-..._;..r...._..;... o .r.;..-..r.r....r....r”.r“.r.n "
T, N an .r.r.!.r.r.v._...r”.t . ....t...b.r.r.r.v._...r..n. -
. * . -H.r.v.r F kX bk .r”.r.....r.....r.....r . s .r.._..r.r......... . r_..r.....r.....r....r L
aom .__...-.l a * x Pt e e e e M R o
.ok k Nk X ol oy » .
. * - e a ....-...T............-i . L
s S .r.....rt.r i A A o .
x i...r.r.r.._..r.....r .r”.r”.r....r....r.......”...“n o > TR
- .r.....t”.r Pt .r.....r”.t.....r.r.r ..1....._..1 1.1......1”.._ a o
._.1.r.....r.....r ....H.r.....r”........r”.r”....”.r .r”.r .........r”.r . y .r”.r. L -
.r.r.r.rH.r........;..r ........r .-...;..r x v ....H.r.r.r”.r”.... i Hi ) l”.r P . h
CR .r.....v.............r.....v”.r”.r.....r i .T.r.r.r.r.r.r.............._ ¥ .........r”.r. 2
...r.....r.r.r.....r...............”....”.r oyt Pyt e Pyt i l.r.....r.r.r. Lo
i .rH.......r....r.r....r.r”.r....r....r....r”.r....r....r .r”.r....r....r”.r”.r“ ......r.r.r“ 2 -
.r.r.....r”.v........ oy rx ...”.r......_......r . > St s "
Pl P L X a : H.r....r.....__ H.-_ o
s Iy o AL x, Pl o v
ar M . R ) v
¥ ; e x o r v -
» W Sl e e WO e o -
.r....r....r....r”.r....r.....r”.r.r.r.._.... ....H.r.._..r.r.r....... a o e wa EE N - 1
) .....r”.r.....v .r”.........t ) .r.....t”.r iyt .r”.r........ .r.....v.r.v”.r \....r.r.t.._ : " h. *
Pttt .r”.........r”.r.....r ....H.r.....r”.r .r”.r.....r”.r v b .r”.r i e .”
.-.:.....r....r”.r....r Pyt N .r”.r ....H.r .rH.r .r”.r . .”.r ....H.._l b P
-_..1.._...1”..1 .r”.r.....v....r”t.....v.......”.t ._1”..1 .r”.... .r.....t.-.. “a ._1._...._. a 5 % -
l.-..-_.rH.r .rH.r .r”.r.....r.v.r.....r.....r.v....”.r .rH.r .rH.__“.._. am
.-_”.-..._..r .r”.r .rH.r .rH.r .r”.........r.r.r ....H.r .r”.r »> "1
ottt v.....r.r.r”k il .._.”.r .r”.__ .r”.r ! b
- ¥ sy ¥ " .r.....r.”..r.”..rv.r.”..r s _
- .i.-.l.-.ﬂ-. . ....r....r”.r Pl iyt N, .r....-......rn. i - - -
o - N Ty t#kkk#t#kkk#t”k#k#k#k. .r.r”.t......_. h.1 '
Y " - .._..........r.....r....r....r.....r.............r.r.r”.r.....r.....r.....rri.r....r.__ ......_..__“.__.r. - "
" a . ._..ll ll.;..r....r.;..r.;..r....rn.r....r ¥ .r.;..r....r”.r.;......r.r Pl X .r“.__ - .__.P.r o e ..1| -
“ Tk ._...._........._...r._...t._.. o e ._....._....1”..1......1 .T”.r.......i.v..r.rn - .r........v....r”.t ._1”..1 ~+
* -.”.r.....r.... .....r”.r.r.r”.r.....r”.r .r.....r”.........r.....r.....r ....H.r il -
. s R e -
- X Rk .
-
. _— [
. .- et -
- % & 1
4 - ol
. S
. " P
! R -
-
oa
.
.
- -
" .
"
. M
r
-
S
- -
. .
[
- L]
" ko2 oa I
[ T e o om
Foa .
L}
e - s
.. b oa e
. - a -
. . a [
. - a .
Fl T - -,
- a
[ [ . -
A . - -
M a
N - . "
. r .
- ¥ Ta Ta
- . .
.- om
. .
' .
N
T e . -k
N L
L e Tl T
P P .
P e L
A ERXERSXENE: N o -
R RERNEIRERTHEIRN./T
ERERSXENESXEN Iﬂlﬂﬂﬂ"ﬂﬂﬂ "
il U U T X XM r
o [ L . .
v -lllﬂl ] -
L R_x R 1
.-_T FEIE I ' ' .
SN -
" .H.t.r.._ Sl ' ...H.-.!.t”.!....t”.r”.v....r”.r P o i
1 kM Pl lllllll ' BT o X P oty i N o -
r . od b dr b dr L - M b b dr b dr e de o de de de dr dp dr de 0 dr b L . oaoa .
AN N N e S e » - .
o ' H.r.._..r.....v .r”.t”.v._...r._...r”. ' . ..r._...t.....v”.r......_.__. t ) Fdr drdr Ao N ) - X
) -%‘ ll " - .rH.r.....r.....r > .r.....rH.._ i....r.....r”.r”.._ ' " .....r”.r........”.r.._n.._ »* Ill .....rH.r.....r.....r 'y a “x ._
- ._ " - l.r.....r.r.r.-...r.....r.....r”....n.r .l.l.r.-...r.....r__ s .r”.r.ri.._ lﬂl .r.r.r”.r.....r.....rn.r " . - -
- HIIIH ‘a’ - .__.....r.;..r .-.....-..-.l.;..-_ o2 it . = oaoaoa . ) Rt “u HIHH > .r.;....”i. » s x .-..i.-.l.-.}.r L
. B " e x e A a X i X T I S AR . e aa P2 r
.. o O M L P ad b ded dr bk b oa T ko i RN - V-
ro i - - . P - b i b d A b d kX k- A ) .
. i e e - Tt A e e e e e L e, Ty
. ) ™ HIHI .-l _-E Yty . et e B o w
P T Py i i ot .rH.r.r.r.....r.....r”.r.....rH.r s T.r.r.r.....r v,
A e e ] * ' ~H...H.r....r”.r....r....r....r”.r .r.r.......r”.r.r.r.._..r e, .r.r.r”.rn 'y
am CRERE N e x x .._.H.r .r”.r.....r.....r .._.H.r .r”.r > .r.....r.....r.....r”.r.....r”.r.._ - .r”.._. L o= i
T > e -H.r it .r”.r .r....r.....r....r.r.r”.r.r.r”.r....r”.r....r”.r .rH.r X a .r”.r i - ol
i Y B P e e e i -
L KREEERERNR & i i b b X o koa i iy a )
¥ e e N ¥ e wow N
: . .rﬂlllll 1 .....r”.r”.r.....r.........._ s h .
. .r.._.....H.r P e o " . .r.r.r.._..r.....r.r .H.r.._..r.... b A
. ..1”..1 o R, .._.._1H..1 ..1.._.._1........._ K .r.....rn . -
' W M a s H.r.r.r”....”.r”.rh .r”.r.....r ’ 1
L A ................r”.r”.r”.r Pyl te .rH.r o »> ....H.r” -
e .r”.r”.r”.r x v .r.....r....r....r.....r....r.r.r”.... .rH.r.....r......_ i - :
l_-_.....r.....r IS .r.r.r”.r.r.r”.r.....r.....r.....r”.r....r.r.r .rH.r Pl H.r......_......._ [ y y y
e L oL v .r”.r”.r.....r Pyt .r.....r”». .r.r.r.....r”. 1N
"a .....r”.r.....v Piafin e e i . ”.........r.....v”.._.....r”.r Pl .r”...”.t.....r”.r”...”.r....... .1._1..1..1......1 1
Ay X i dr 4 A dr i e ke e ke S .
ol Bl dr b A d d A b drode b Jr b e e A A Earar s P
L, dr A dp de e e drde Jr deodp de B dr de e - ;
M bk bk bk kb kb kpode rode kb b i k. - ] - - 1
S de dpdp e dede dede dpode dp o de de o de | e de ke a e i LR .
oae T a k d de d drd b a e de e Y xS .r“ PR . .
e L v pe R L o -
e N . o et R LICICN Y
W dr e b o b kb bk b b b N e 2 xR P 1 =
ks IR A -
S e de b d Lk ke dk L bk ¥ N - '
Ll o A A r
P s AR e L .
RSy ipliags .r.....t.__..._. o .-
U de e dp o b & .
o e 1
. .
ok b b b N .r.r.r.._..r.”..r.._..
. o H....r.r.;..r.r.r.-...r....r....r.i e ) Lo . 1
- .  ar d i de b U b A dp deodr . .
P ) A R i e e e e ke e ke .
. |P ) " -...r.ll.ii..r . lll. b i ) e e e e e e . . r .
. K A i A N NN ¥ x = . — -
- LIE e O M MR M i e xR P PN Y | £ X R
. . IIHI K n_R L] b Iﬂlﬂﬂﬂlﬂlﬂ e e e e Hﬂﬂlﬂlﬂﬂﬂl i L L L - ,
- LT I ; ERERERERRERERRERERNERERHRH + d
L] - o *FREREEREFEXERNERNFT? &
. 4. ' ) i . r
s drode b ode 1 .7
.- e ke dr ke d 1
-0 F I o T w. - -
l”...-:. o .-.h__.... it ™ *-_ * T
r
) " e .l-.”.._..r.....r.....r.r.r. _.-.rl. - o
. B i .
- o -
Ta - Wt - 1!
A, o " . -
r . U
- POl . - s -
a . -y o - .
. ) - a - X E N L.
Tt e . i - W Pl
. a » . - T
-7 - - -
e [ - ", - or -
. .- - a - r a
- e - . ar .
Lo e aoa PR "
Lo a k
F = s v
- Lo oa




US 11,745,180 B2

Sheet 5 of 9

Sep. 5, 2023

U.S. Patent

ML E N BE N R SR N N N L N A

dr odr A oA b A b b A b b b o b b e

.
.
4 r
- w w,m.E, e W, W, W AL W, W W, e, W, W, - - - m
R N L N N L L L N T e E D L
L] -,
' [
n
.
. r
K '
. L]
1 '
' L]
[ ]
r
T
L 14
I
..i:..........-:...-:....:...__.F Trir o r v
[ - - - - ._. [T R - '
-.-_.....l...l...l....l......l....._.._.f et R e s
Ta? me me omd mem pew am? p o m W omentaew’ St mt ome omen
L - ma'p g a e m A A A ma o poa gy m pa’ - -y
r . . C e e e e - R . . .
- - wf wr b rmrw - w w " wdF xd xw . - P}
L e m A oma i omw o m md omom g ARSI s
LIE RN T N N R ) . . . CNE T N B N N N I I N
PR Tl T i I R T -..I..ll.-.....+.......... e T T
P . . . ' - .
LICIC I NN N R RN [ T - n b
e a e st e atam s N e e R N e
LT T e A e e PR N
. . . . - - 3
I G o E R T B O e e S S R o I A S
rul wrm o pwr w wr . wrd md deew o dm orw w wd el o dew owem 1.I..."
R opm s m m m ma oAl mmpmcm m md omd mm pm . .
o ey ke e -
r
" » » - . o FREE | b
o, L r : T L L b
r - L r b T i g T
] ] - . Fl ., I 3
"o r -, - ' r o L] .
F r r . F L r ]
r Fl ] - - Fl LR - . .
r L] - F L. L] 3
r 4 ¥ r T i g L
- - - Fl i . T 3
r - - I L L
- ro, T LI L ]
M - - Fl i . T . -
- - F - L] r b
r - r I LI} L . L
- - Fl i . , - 3
r - - r - L] -
- r F i . L] r ]
r - - Fl i . , - -
- L r i . d B b
LI T r ’ LI + r -
. £y d . T - L4 k
L r i . r . - - .
oo b ’ L + r r ]
r 4 . © T LI -, r L4
rr vk Ak s s Frrrrh s s T T A

299 !

' r
L} -
'
a
L S e e N A S
L] r
L L
- .
F .
Fl b,
r L

a’ .

' ]

+ L]

+ t

] 1

]

L] r
illl..l.lll.l.lllﬂ e
. . Co - . . . i

LI r -
1er it prerat haa L - B - ]
[ | - . o - {

o T -
L} 4 4 . L}
- - a F - e - a - - . P R -
1 r * r L |
L] a . .1......................................__
[ e P P e . T T T T T g pp——

- 1 -
FEEFEEEE R R A ey [
.. . N . ' -
L | * 4 - . .a» 1. A | L - a
L] L]
ir [ Frared me- T L R 4
1 L]
[ | . . . q
- - - - - W mom - - . mom - - == i
-_.__.._._..._...l.__._......._.....__....-..__-.-..__._...__.......-....-..-.._..h:..r....._...-.-....l.._...._.......l
] - - i ] I a q

- i . d . ] Fl - .
[ | - d d . r - - q
- d d . r o - -
[ | - ¢ [l . Fl - - 4
F] i . 1 - r r F] i
N a d ] f r o 4 ]
- ¢ * . Fl - - P
1] . r - r o - - q
i ] . r o 4 - -
[ | ¢ * ' Fl - - F [
d r . Fl - - Fl -
[ | d ] . * - 4 - {
L r . r - a4 - -
[ | d + Fl o - - ]
[l ] . + . 4 r LI
L r . ] - Fl - g
d r ' r o - Fl r -
[ | ] ' F - - r ] [
r ' . r - a4 - r -
L] e ' ' - - - L4 e L]
] ' F - - r ] -
nr ' Fl - F F r [
r 1 " r - F] - r
L] ! - ’ - r B L]
' Fl - - T r -
lLeomebioneneenid e seeend cedee el e mem o

49

R Py Vg g Sy Sy Ry A iy vy ey gy - -
.__.... i i
i r

-.‘ 1

3
F
I

=i i i e e e e e - P i o, i i s e e e e e ey

LY
-.-..-..... ]

L]
* ' .-..-. T - [ ]
R LR TR LT - FLIRER Fal Pl
- . )
o, . T T, . .
- - Y - - R | N A -
r 1 - [ ]
)
. . . . . . [
- - - - - - -
r..__.._._.. kA dde ol pededed e X e re e
J il o i b e g i e e dp e e de e g dr dem Wi de dr i dp g o e b i b -
- T - o - d " " e e s A" a rr " - A 4
doer _ rrr - a4 4 rTETrn Fl . r L o
- T g s r F r T . 1 4 . e - 4 L ]
r o, a L 1 i » rr __.-.\h... .
r ror - i n o 1 4 r - W L] L]
¥ ’Prr & 1 ' 4 rr re
eyl . ] - 1 ] _— . - F L]
] - L] L | P . - N
- .-n-..-..-.- - L - ' nr ‘o 2 .....1....._..__ - .-.__-
r
. ar e a4 - " ) ar 4 A A
4 £ o I - L | I 1 . " .__.__ . ...i--
r._..-.-.l.- .-.-ln - B -. ......11 . ...... - . l\. T
LI B K o -..rl.-.l_.-_..-..._- L - i d
- g . m am am am oy om oamoam ol a . a . . ]
= - o oo _r o o -l oo ol - .
)
L]
r . d
r_...__.... P L FILN | - P ren L ewew
3 r . r
L)
]
Pt it A ww - L e R e o
L |

;
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
-
-

L] F . i
1 ! i
1 ! f
L] ] i
1 ! f
1 ! i
L] ] i
1 ! P
1 ! i
L] ] i
1 ! P
1 ! i
L] ] i
1 ! i
1 ! f
L] ] i
1 ! P
-
1 r a T g
L] ] - * - u
L] I . 4 f
R L N N N N N N N NN
w L]
» 2
' r
' +
]
4 .
" A
..._ ]
T 1
il
- 1
.l.l l‘-
g e e e e e B e e e e e e e
i e e I...I»I.ll.u-..l.l..-..+
' a - - . a + ..
o L -l R N i N L L
1. - e . P
i - o pr =W pm wm - wm opm prm | m - = m omw g
LI, B L L L
] . - . . . o ..
1 ik xF rdf rw o~ - wd w ki rw ~w - wid wd koo
Id w3 s S s o wa a - [ e e e e ettt
EAETE N N ) A EEF FE A LI NN EIE N N RO B
ﬁi.. P LR H.h”.. -t e LI B I

- =
x s

. . - . .
i Lav - e - w oA
M e e e e e amm s ame = et am amam = s rﬂ.....I.L-..-..-.un.hl-.u._l.r.H...||...|..||...+.
R B L LR e e T PR P
.- - ' . - PRI
M rt . " - Fa rr e R e e & FE A e o T
" T wr wre. mrd drk brw o wwr o rwr wr wrd mwed drw oxm T w H
-I. cm . m m md mm o mar pam . om . om s md ma [
l.l.T.l..l..l..l..l..l..l..l....T.l..l...T.l.l.l..l..l.l..l.l...T.l.l...T.l.l.l.l..l.l..l.l.._.
’ o LR
- - e . r - r T
’ 4 . & r - ' « +
._..._. - .qh r Tr * ot
. T Fa o 1 o
Y | r o r 1 Wt
a L T - O 1 - L
L L roo. r ' r L +
- L L F o 1 . L
v o . r a1 P ] ¥
L L - . - L.
PR w r 1 P +
PR - " r 1 o
Fl » .o o +
Fi ’ r F i P .
Fl . - - L] » +
Fl » s o ] F Fl
F F r r 1 A F
¥ Fl v ] Ll Fl
- - r d ' Fl +
' ” r - PR | a
Fl v - 1 N » Fl ¥
. . PR ] P Fi
i o c o a r
. . F oLt [ R ] Fl
rr v rwrrrtrrdtrrrrdrrrrarsrbtrrrrrdaser=-=4

R T I . R I O A R R R A A e T T T I T T WA S AT R TR R A S

e L L e e s e L L s s s e e s e s s s e
LE R R R B R EEEE B R

L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
3

ra .
-
r ]
4 ..____
ko ke r ko h ek ok ook ow kW brow de w ok w e ow o ow ok owdow ok ow ok ow
] LY
r r
i §
1 1
L4 I
- 1
... '
L .
-_ L]
- ,
-_.. ...-
o _ -
...-...l...__ll..l..l...l -y o ap ap I.-_.l_.l..._.ll..l..l.l I.-......l..lll..l..l.l-.
L] i
x F . * Fl i .
§ v -t et e . - - e g
L] . 1
[ - I - I a I ]
. r r . .
L] L}
' " » ERE R R T T R R R R e I I I I
A - e - L F
'
..1.1..1.1...1.1.1.1..1.1.1..1.1.1.1.1.1.1.1. i
] . r - -
T L + & * A LR L e
L] . i
¥ T ] i .
y -t - - m———— - m———— - -ty
L] 1
. . . a .
| - - - - - - - o= - - I
Fadind T R T T Ty -t v FTrrrhmTT T ...__.....-. - - -
PR . - - - PRI !
% F . - - o PR 4
. - . - . . - EE -
L - 4 - " r LA 4 1
- - ¢ - . F - - .
] Fl d - " - . g - ]
’ 4 - - - 1 oa 4 -
L] L4 ¢ L r L L | a 1
- ¢ - r - L - .
- e - - - o 4 1
- - . F o 4 .
L] 2" - r L - -.l
- r r - - -
L] ._. - r ._.__. ........ n.. .. 1
L] . ) - LU I - L0 P
L] L . r - - L ) -
L] L - s " L L - i r A
, - " LA ] F L. r.
LI x . r - 4 L] L |
L] - . - . 4 - i . ]
i .-l r .11 ..._.... - __. r .-.- 1
r '
L] - ' L] - R - i r r 1
L " - 1. - o, ,
L] - r L4 L - L ] b 1

sl csneosneenicbdesessid e s boedoes e

nlir olir alir olir oir o olir ofir o olir ol e ol ol olie olie olie olie olie olie olie e alie olie olie olie e olie ol ol olie ol olie olie alie alie ol e alie ol olie olie e olie ol olie olie ol olie olie ol ollr o

P o o o o o o o
dr Er B B OB B B OB B B O Er B Er Er B Er O B B

-~

""""."""""J‘ .—.ﬁ..‘..‘..‘..........‘..‘........‘........‘.'.‘..‘.'...

; o
¥
)
i
'I

e T

! /

E] ]

- ‘.‘
" -
. . .--.
. Cmma - - l.-..l - - - -m i pmad ....l.l.l. l‘..l .u
hm . m H. @ B N alL T Tl N T I N R RO 1........!."

3
[——_ i..I..I..I..I.._I..I...__...I..I..I..I__.I..I..I..I..lil..l..l..l..a.

Fl -
a A E o
lm\h\ PR b “a! L] « _-._-..-.
) » F . L N ol r )
N SRV N R | [0 RN o A SN I

{28

I

"

l.

i
s

U

mmd pmat e
gt gt gt gt et g g et e g gkt gt gt gt g e g e g e gt e iy

r

1........-. .-‘...l..l.

39 Ol4

I
o)
O

) :
+ - "
L | -4 . .n.-
e

e
Ha
.__.r..i
L

1029

-0C9

..I..J.._-.-.l..-“l_r.r..l..,.l..l. -

...T....__...l. - n
b ¥ oo - ..H.....f.f

b"'li.

£
...M.l"'

ol P, FL Y

."T:'“
~-I"--_..,\'h_ -

s

LCO

!"!"!"!"!“;'!"!".!"!".!"!“r"!"!'!"!"!"!“!"r"!"!'

[ G B L b I L ok B L R R I L R )

L L g L g g L g L g L L g L R L g L R L R R

B g g R R Ry R g R R g R Ry g Ry Ry

.J.r.._,..._r.._r..r..r..r..r..r..r..r'...r

~

Owwu_ﬂmomf

-.J.

T N A AR -t .-.l_.-.ul,..l_ EX L T Y
B g gied rpt gty L-.....l..._irs....__.!."....r..._.qjtr ot e e gt
"l.._.. mwd gy md mpa o amrmat oy wmF gy md g = R !..1....._."
» ey g pem  ym e apm pas m e opmy e - . iy . i . il iy,
Bdr ol wede’ et Eeom At el ke i

I N L B -t o g™ m P ol
-.-l... r et wen o ewt ool “- T R T L e wl
.-._l.l.._.l..l.l.l..l.h..lvl,..l...l..l...-..l.l..._-..l....__ - .....-..l..l.h - l._..I..l..l..l..l..l..l..l.-.l..l...l..lp.l...-..l...-
o T r N W -......
‘1 " y P .-.l.“._l e l" L ]
L R 1 i FC
" o . g ..I-.-_ --....-
AL . I A
-_-. L] .1.- a sl m T & .__......._.-.1 !
LI - o AR 1
..__ - _ o U R T
- - r - 4 - ll . .-
[

1

el Byl g By Bl el ety el g

e ey i gy e e e e e e

iy
i

ST T A - .- -
T o= xr -
- = rw o - ut ]
- - oL S A S —

oy
i

e

N

wrm ey v ey e
L]
LY

O

e

b b
e Ty

B B B - - l“.rIFIJ.IFI_.I-.IFI_.I-.IFI_.I..IJ.I..ITIFI..ITI_.I..ITI_.I._ "

s -

”m_o 9

pE'panee'pee e .l.,.l..i.,.l.,.l....l.dill.,.l‘i:..l;.l..l.,.l..l R T

e rm - mr nm o mA em -4 - - e .wtF e tE o ww .!..l..-_.l,..l.-
B - ] . o 4 r i - r . ] .

.ul!. el e l.l-..._l.-_..I.I-....__l..... e e I..l_.-..__"l.i el .l.!..l.l\.." . .
=T em - mf EE W R Wy B ey S gyl e L g, N
Frlaw mr e et e, 1" o .H...u.wlu-i-.l._.i...n-i._i..l...s.luu.....ii-..l.. . -
..#.#.l...ln...-_..i. Egpkk - ol W ...._-_...-..-_-. = Pl 1.....”_ .-.r....-......?.l...-.t...! e F
, i e a2
l.h.ll...ﬂ....q...l...q.l.-lull.._.l”._l...l....l...qh ..‘..l.”._l..“.l_ ..-D...l..q.-.r..-. g ..-...I...”.l.”..-.-. ”..l.._.ll.._l..'”_..l.”l. -...1...1..'...1...1...1...1..-.
" h____.. . \\hﬁl. b .-I._.“ “-.-l. h ”"._.l.. lLl.. .rl..LII!l“l.-l ____-.-.-i. R ...l..-.—_
1 R ) R A PR Y ' | - P I~ AR - o “hoa 1 ' . L
ko , ..- . . .-.-..-‘.... .n.-.-..__..-_..-." .1._."._-” ."..-lu..-..n.__I.-;.l ....1._-_.-“._..-.-.... N D L.-.-......"
..-.-l.. N . o ..-..-.H.._-. .'”.w..._.“.l..__.luﬂ..l l.-..._.- T T .h..-..-... -q-..
. . Lo r m.. .-.I. LEL I ] o e I..l.I ‘e .II.—.
P . ' g l.-“n._.. "t ¥ .--.m.l ._1._- .t ' L N
‘ NP Gep st ST S O SOt I St S
' e L] . r ' » I . - o » " ' k
' .q.I. ! ..-. ' i d_ll1 .-..-._. ¥ ..-.I-..L_.-.._..l.l — ” . ilI.. ' ="F
. PR T . . ] D - » PR R - -
R R I S S A S R SL.
' B R . a Y | a .. -_ﬁ..ﬂ.. .'..:1.._.—_ P L - v
.I.!.l.r.... ..--. ..nli...m..ll.l..l.lli .-._ ”-._.“ w..q..Il.-..-h. e g .h.!l-u.l.!.l..!. ......_.__ "
* o ' --- l.l‘. __-._ .-l.{.l_-f.l—. AT [ “-_lll .Mi!.-l.....l....l,.-.” h!.-_... Iln . .-“__. f N !
: R A Er T S (. i SR Ak
ot . - .--.--.L o g, B ...--.-. L ..-.--.l.. .+.r_.LI.r1l'.. - . .‘..... T .-....
.--- .h‘.‘ --__.l e -1|I_.i.|.-..I.I”-”..'. .."l.H-- i........l..l.-.' .I| o .n.-. ' l_.-.
L .‘_- -.- " ’ -.l...-..-_..l-r-h-... “ ..—_- ! .l”.!_-l...-...-“.l.iﬂ... . .._.-.‘. . "
- ' ‘.l _.__-.-- " - R - i ¥ s al aat” L k
1 lii _.--.- " .lMI o l.q..-. “-. . .“I |.i..-:....l" - ..-- k
e B D e e e el
S I P
L . - q -
LSt B S
A
] -. ..-. ' .-...
LA T S
r 4 ,7F - | L)
ECROC I W
LI A e
’ 4 LA
L -k T
o o
L | R
.q..._... K I .—“.._.. .“.
L Mooy
WA ety
| [ 4 . F ﬂ
. a . L' F
L . [ - -
-".... - ..-. ] l.
et S e

g
%




912 I/

o ke ll.l..jl.l'..rl
ad ™,
¥’ “

-
—

* -~ f
N -1
L] L] F
“ e e B de ." 1.11. .
1 - N L]
L] - - . E _.x. .q.a_. .
__ a -_. -.‘.
¥ .r.,. v F . ¢ aaliees
i - k¥ ? % ! v
." ' e 2 e » H “”
RPN r N .
.1.-.! - -w
r . " l-

- .
e L e X L LTS
e T L L Y

US 11,745,180 B2
/E

y

."‘
-
‘-‘."':““.'1':"."?::"‘."‘."."" seoanue

AW

Sheet 6 of 9

.II.I.!.l...I.iI..__.lili.li.lfll...l:l_ - ¥ .
.|-._..l .|.-l|.| 1 . I.I-l...l....l.-_l :

-.i....l —_a . .
x ..-1 ey

v - [ L

e T -, -
- a ko

P "o “u

- 0L/

OF) e it eepangeerreremennsnnnnnnnee N peeceeescenceneecgpngennens N ececopeageecescsncenopenpzennes
2 .I..I...I_..I...”._-}_ ............ h}lﬁlﬁﬂ_” ............... 5
w .
1 ) . ) r
I.I.Iw._n.-f woie il ul.l.l.v s Y mmmesde e mey gedied ededewewws ek fededeh pemmrdreafe ., pessasaetfee e gt LTRPRE ey ——— .
aa'a a"aa aata a"a"a 1
JJJJ&IJ..RMJJJ e - .__.__q : N,
. ' * hH
. *
3 ! : ;
.. *
5 ! i
" a.__. L]
() o '
] ’ L] o
® ¥ : i
I . ! d
3 _ 1 '
- : ' : :
. % ! 4
e :
] N'l.t H
5 L] L
""""""""" .l_...!.'......!.'....!....!.'.'....!....!..ﬁ *....!..l....!.'....!.'....!.'....!.'....!.t.

U.S. Patent




US 11,745,180 B2

Sheet 7 of 9

Sep. 5, 2023

U.S. Patent




llllllllllllllllll

US 11,745,180 B2

Sheet 8 of 9

= .lq
"o ‘%\._
'J.)Jl-._.- ’
"

= -
lllllllllllllllllll .i.l. I..I.l.l.l..'._l_l.....‘l..l.l.._-...l. i..“_-..-wh..l ld..-tn.l.i.l.l.-iﬁl
**************** S, ¥ J..-_...-.. A
- T P LY

[ Bk ] i o i

Sep. 5, 2023

U.S. Patent

08 <48 ¥88

- amam oamamamom amam oy m

T
‘l .
1
i

b

""I"""r""""'r
%

llllllll

T Tgtr T Ty T Ty T

vk

""'-i"'r""'r

""':;"'r""'r
L]

:
ﬁ-r..
z k “n w...._......l
¢
-

.

i..._..__-...____n.l......

Yy vy
L]

g
ey
S

O\
0
o0

LR

L]
I
- -

4

N ?;

1
Mo
--’--I--lz'--‘--il---’--

by

[ ] ]
" v : v
] ¥ i *
' ¥ 1 *
' N X '
" ¥ ¥ 1 ¥
' ¥ ___ 1 ¥
[ r 1 ¥
] ¥ i *
' ¥ . 1 *
[ ' 1 ¥
] ¥ i *

L L]
" " . “ ” lul.._...l_l.rl.rl.rlfm..l-.kI.rlml.rIL-I“-.“hI.bl..bl..-_I..F_lm.U.-..ﬂ-.I.L.l..-_l..rlh.“n.ﬂrl.r!.ilnrl.‘“wﬂrl.rﬂnrllrlﬁ“!#u
" v i v .
[ ' 1 ”
¥ ¥ 1 . & .
' " 1 ” i
ﬂj..?r]tjtjt}tjr]tjtjr}t}tlf.-_ u—jtjt]tjtlf]tjr]t]tjrlf]tjt-_ LRI Iy .-ﬂ. H.Il.r.._r...._.l.._.._-..h.H......-.I.-..Miﬂ................r.ll....-.!....n-iilil‘lirirﬂﬂlillrirlrli..llﬂ

...... AT I L P MO M E A A 2 é
- ] "
R s "y
4 . ] »

HS 'Ol

08 9Ol



US 11,745,180 B2

Sheet 9 of 9

Sep. 5, 2023

U.S. Patent

G001

W A
. o6 9ld
| - =
v,
056~ — — _— O
W v _me
0€6

06



US 11,745,180 B2

1

MICROFLUIDIC SYSTEMS, PUMPS,
VALVES, FLUIDIC CHIPS THEREOFK, AND
APPLICATIONS OF SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application 1s a continuation application of U.S.

patent application Ser. No. 17/623,350, filed Dec. 28, 2021,
now allowed, which 1s a U.S. national phase entry of PCT
Patent Application Serial No. PCT/US2020/040061, filed

Jun. 29, 2020, which claims priority to and the benefit of
U.S. Provisional Patent Application Ser. No. 62/868,303,

filed Jun. 28, 2019, and 1s also a continuation-in-part appli-
cation of PCT Application Serial Nos. PCT/US2019/

047190, PCT/US2019/047307 and PCT/US2019/047324,
all filed Aug. 20, 2019. Each of the above-identified appli-
cations 1s icorporated herein by reference 1n 1ts entirety.

STATEMENT AS TO RIGHTS UNDER
FEDERALLY-SPONSORED RESEARCH

This 1nvention was made with government support under
Grant Nos. 5UG3TR002097-02, UO01CA202229 and
HHSN271201700044C awarded by the National Institutes
of Health, Grant No. 83573601 awarded by the U.S. Envi-
ronmental Protection Agency, Grant No. 2017-17081500003
awarded by the Intelligence Advanced Research Projects
Activity, and Grant No. CBMXCEL-X1.1-2-001 awarded by
the Defense Threat Reduction Agency through Subcontract
468746 by Los Alamos National Laboratory (LANL). The
government has certain rights 1n the invention.

FIELD OF THE INVENTION

The invention relates generally to fluidic systems, and
more particularly to microfluidic systems, pumps and
valves, tluidic chips thereof, and applications of the same.

BACKGROUND INFORMATION

Existing pumps and valves are used in controlling and
sensing organs-on-chips. These pumps and valves are imple-
mented 1n a fluidic cartridge that contains the mechanical,
clectrical, and microtluidic components necessary for opera-
tion thereol. However, further improvement and refinement
of the pumps and valves may be required. Therefore, a
heretofore unaddressed need exists 1n the art to address the
alforementioned deficiencies and mnadequacies.

SUMMARY OF THE INVENTION

One aspect of the present mvention relates to a microtlu-
idic system, which 1s used as a tilted-actuator pump, and
includes: a support plate; a fluidic chip disposed on the
support plate, wherein the flumidic chip has a flmdic network
comprising at least one fluidic channel; an actuator having a
plurality of compression structures configured to roll against
the fluidic chip to control the flmdic channel to switch
locally between an open state and a closed state, wherein
cach of the compression structures is a roller; and a motor
shait inserted in the actuator to drive the actuator to rotate
relative to the fluidic chip; wherein the actuator and the
motor shait are disposed to tilt from an actuator-contact
surface of the fluidic chip, such that the actuator rotates in
a plane tilted by an angle with respect to the actuator-contact
surface of the fluidic chip. In one embodiment, the motor
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2

shaft 1s perpendicular to the support plate, and the fluidic
chip 1s a wedge-shaped fluidic chip, such that the actuator
and the motor shaft are disposed to tilt from the actuator-
contact surface of the wedge-shaped fluidic chip. Alterna-
tively, 1n one embodiment, the motor shaft 1s tilted and 1s not
perpendicular to the actuator-contact surface of the fluidic
chip and the support plate, such that the actuator and the
motor shaft are disposed to tilt from the actuator-contact
surface of the fluidic chip that has parallel contacting and
fluidic surfaces. Alternatively, in one embodiment, the motor
shaft 1s perpendicular to the support plate, and a passive
wedge structure 1s disposed between the fluidic chip and the
support plate, such that the fluidic chip 1s disposed to tilt
from the support plate, and the actuator and the motor shaft
are disposed to tilt from the actuator-contact surface of the
fluadic chip.

A further aspect of the present invention relates to a
microtluidic system, which includes: a support plate; a
fluidic chip disposed on the support plate, wherein the fluidic
chip has a flmdic network comprising at least one fluidic
channel; at least one compression structure, configured to
compress or decompress the fluidic network within the
fluidic chip; an actuator, controlling the compression struc-
ture at one or more compression or decompression sites; and
a motor shaft inserted 1n the actuator, configured to rotate the
actuator relative to the fluidic chip, wherein the actuator
controls the compression structure at the compression or
decompression site to compress or decompress the fluidic
channel at a particular location when the actuator rotates or
otherwise moves.

In one embodiment, the actuator 1s an actuator assembly
including: a ball cup facing the fluidic chip, forming the
receiving cavity between the ball cup and the fluidic chip,
wherein the at least one compression structure comprises a
plurality of balls disposed in the receiving cavity and
configured to roll against the fluidic chip; a ball cage
disposed between the balls; and a traction disc disposed
between the ball cup and the balls, configured to generate a
traction force to compress the balls to roll against the fluidic
chip.

In one embodiment, the tluidic chip 1s a spiral pump chip
including: a first surface facing and fixed to the support
plate; and a circular zone disposed on a second surface
facing the actuator assembly, wherein each compression
structure of the actuator rolls against the circular zone;
wherein each fluidic channel of the spiral pump chip i1s a
spiral fluidic channel having an outer end outside the cir-
cular zone and an inner end within the circular zone, and
cach spiral tluidic channel partially aligns with the circular
zone along a vertical direction, such that each compression
structure rolls along the circular zone, compressing the
portion of each spiral fluidic channel to pump a fluid nside
the non-compressed segments of each spiral tfluidic channel.

In one embodiment, the fluidic chip 1s a rotary peristaltic
pump chip, each fluidic channel within the rotary peristaltic
pump chip has a pumping channel interconnected with an
output channel and an output bypass channel, and the at least
one compression structure comprises a plurality of balls
configured to roll against an outer surface of the pumping
channel and to press a fluid 1n the pumping channel toward
the output channel and the output bypass channel.

In one embodiment, the fluidic chip 1s an analytical valve
chip, and the fluidic network within the analytical valve chip
includes: a sensor output channel connected to a sensor; a
waste output channel connected to a waste reservoir; one or
more bioreactor input channels, each being connected to a
bioreactor; and a plurality of rinse/calibration input chan-
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nels; wherein the compression structure comprises a plural-
ity of caged balls, and the actuator comprises a sliding
actuating surface with actuating recesses that, depending
upon actuator position, compress or release the balls against
the sensor output channel, the waste output channel, and the
rinse/calibration iput channels to interconnect the bioreac-
tor mput channel and the rinse/calibration input channels
with the sensor output channel and the waste output channel,
wherein 1n a calibration mode, at least one of the bioreactor
input channels 1s selected to be interconnected to the waste
output channel, allowing an analyte from the corresponding
bioreactor to be sent to the waste reservoir through the
selected bioreactor mput channel and the waste output
channel, and the rinse/calibration input channels are succes-
sively interconnected to the sensor output channel to per-
form rinse and provide calibration media to the sensor; and
in a measurement mode, one of the bioreactor input channels
1s selected to be interconnected to the waste output channel,
allowing the analyte from the selected bioreactor to be sent
to the sensor through the bioreactor mnput channel and the
sensor output channel to perform an analytic measurement
of the analyte by the sensor, and the other bioreactor 1nput
channels and one or more of the rinse/calibration input
channels are interconnected to the waste output channel.

In one embodiment, the fludic chip 1s a multi-port valve
chip comprising a first port and a plurality of second ports,
wherein the fluidic channel of the multi-port valve chip
interconnects the first port with all of the second ports, the
at least one compression structure comprises a plurality of
caged balls and a recess corresponding to the caged balls,
cach of the caged balls 1s located corresponding to one of the
second ports, and when the actuator rotates, only one of the
caged balls 1s located in the recess to allow a corresponding
second port to switch to an open state, and the other of the
caged balls are not located 1n the recess such that the other
corresponding second ports remain in a closed state.

In one embodiment, the multi-port valve chip 1s a random-
access valve, and the actuator includes: a first actuator disk
connected to the motor shait, and having a tangential rack;
and a second actuator disk having a partial pinion disposed
at a circumierential side and mated with the tangential rack
of the first actuator disk, wherein the recess 1s formed on the
partial pinion; wherein when the tangential rack reaches and
jams at an extreme end of the partial pinion, the first actuator
disk drives the second actuator disk to rotate relative to the
fluidic chip; and when the tangential rack does not reach the
extreme end of the partial pinion, the first actuator disk
drives the partial pinion to rotate relative to the second
actuator disk.

In one embodiment, the fluidic chip 1s a direct-access
valve chip having two caged-ball locations corresponding to
cach fluidic channel, the at least one compression structure
comprises at least two balls corresponding to the two
caged-ball locations, wherein each ball 1s configured to press
the direct-access valve chip to switch a corresponding
portion of each fluidic channel to a closed state, and the
actuator 1s a lagging actuator including: an outer actuator,
fixed to the motor shait and having an outer groove corre-
sponding to one of the two caged-ball locations; and an 1inner
actuator, having a limiting pocket and having an inner
groove corresponding to the other of the two caged-ball
locations. Each of the mner groove and the outer groove,
when aligned with the corresponding one of the two caged-
ball locations, relieves the corresponding ball to switch the
corresponding portion of each fluidic channel to an open
(uncompressed) state. A limiting pin 1s fixed to the outer
actuator and inserted in the limiting pocket of the inner
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actuator. The limiting pocket has an arc-length such that,
when the lagging actuator rotates along a clockwise direc-
tion relative to the direct-access valve chip, the limiting pin
reaches a clockwise extreme end of the limiting pocket, and
the outer groove and the mner groove are unaligned, allow-
ing at most one of the outer groove and the mner groove to
align with the balls corresponding to one of the fluidic
channels; and when the lagging actuator rotates along a
counterclockwise direction relative to the direct-access
valve chip, the limiting pin reaches a counterclockwise
extreme end of the limiting pocket, and the outer groove and
the inner groove are aligned, allowing both the outer groove
and the 1nner groove to align with the balls corresponding to
one of the fluidic channels.

In yet another aspect, a microfluidic system 1s provided,
which 1s a random-access bistable valve, and includes: a
support plate; a fluidic chip disposed on the support plate,
wherein the fluidic chip has a common fluidic channel and
a plurality of access channels; an elastomeric membrane
disposed on the fluidic chip; a plurality of caged balls
disposed on the elastomeric membrane, corresponding to
and aligned with the access channels, and an actuator
disposed on the elastomeric membrane and having a recess,
wherein the actuator presses the caged balls against the
clastomeric membrane to seal the access channels 1n a
closed state; wherein a relative position of the recess 1is
randomly movable relative to the fluidic chip, and when the
recess moves to a position to align with one of the balls, the
recess allows the one of the caged balls to release the
clastomeric membrane and switch the corresponding access
channel to an open state.

In one embodiment, the actuator includes: a central partial
pinion connected to the motor shait; and a rack pawl located
in an actuator slot and mated with the central partial pinion,
wherein the recess 1s formed on the rack pawl; wherein when
the central partial pinion rotates clockwise, the rack pawl
moves and allows the recess to align with one of the caged
balls; and when the central partial pinion rotates counter-
clockwise, the rack pawl moves and retracts the recess, such
that the recess does not align with any of the caged balls; and
wherein when the central partial pinion rotates counterclock-
wise to an extreme position, the rack pawl moves to abut
against an end of the actuator slot, and the central partial
pinion drives the enftire actuator to rotate relative to the
fluidic chap.

In one embodiment, the actuator includes: a central pinion
connected to the motor shaft; and a partial pinion mated with
the central pinion, wherein the recess 1s formed on the partial
pinion; wherein when the central pinion rotates, the central
pinion drives the partial pinion to rotate relative to the fluidic
chip, allowing the recess to move to the position to align
with one of the caged balls or to retract and not to align with
any of the balls; and wherein when the central pinion rotates
to an extreme position of the partial pinion, the central
pinion drives the enftire actuator to rotate relative to the
fluidic chip.

In certain embodiments, the microfluidic system further
includes a bubble-tracking tlow meter, which includes: two
light-transmission detecting devices disposed on two loca-
tions of the fluidic channel of the fluidic chip, each of the
two light-transmission detecting devices comprising: a light
source disposed on a first side of the fluidic channel,
configured to emait light; and a light detector disposed on a
second, opposite side of the fluidic channel, configured to
receive light emitted by the light source; wherein a bubble
injected 1n the fluidic channel 1s configured to trigger each
of two light-transmission detecting devices, such that a tlow
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rate of the fluidic channel 1s determined by measuring the
time difference between the threshold signals reported by
two light-transmaission detecting devices.

In certain embodiments, the microfluidic system further
includes a gas exchange bioreactor, which includes a cham-
ber located between and 1n communication with an input
port and an output port, where a bioreactor perfusion media
1s configured to pass through the chamber; and a plurality of
gas exchange channels surrounding the chamber, such that
gas passing through the gas exchange channels 1s configured
to diffuse through a material between the chamber and each
gas exchange channel and to interact with a content of the
chamber.

These and other aspects of the mvention will become
apparent from the following description of the preferred
embodiment taken in conjunction with the following draw-
ings, although variations and modifications therein may be
allected without departing from the spirit and scope of the
novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more
embodiments of the invention and, together with the written
description, serve to explain the principles of the invention.
Wherever possible, the same reference numbers are used
throughout the drawings to refer to the same or like elements
of an embodiment.

FIGS. 1A-1C show a tilted rotor pump according to
certain embodiments of the invention, where FIG. 1A shows
a wedge-shaped fluidic chip, FIG. 1B shows a tilted actuator,
and FIG. 1C shows an additional wedge.

FIGS. 2A and 2B show a rolling ball actuator assembly
according to one embodiment of the present invention.

FIGS. 2C and 2D show a rolling ball actuator assembly
according to another embodiment of the present invention.

FIGS. 2E and 2F show a microfluidic pump having the
rolling ball actuator assembly of FIGS. 2A-2B.

FIGS. 3A-3G show a spiral pump according to certain
embodiments of the invention.

FIG. 4 shows a rotary peristaltic pump according to
certain embodiments of the invention.

FIGS. 5A-5G show a multi-port, multi-throw analytical
valve according to certain embodiments of the invention.

FIGS. 6 A-6G show a multi-port valve according to cer-

tain embodiments of the mvention.

FIGS. 7A-7C show a lagging-actuator direct-access valve
according to certain embodiments of the invention.

FIGS. 8A-8N show a random-access bistable valve
according to certain embodiments of the invention.

FIGS. 9A-9D show a bubble-tracking tflow meter accord-
ing to certain embodiments of the mmvention.

FIG. 10 shows a gas exchange bioreactor according to
certain embodiments of the invention.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The mmvention will now be described more fully herein-
alter with reference to the accompanying drawings, 1n which
exemplary embodiments of the invention are shown. The
invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
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and will fully convey the scope of the mvention to those
skilled 1n the art. Like reference numerals refer to like
clements throughout.

One aspect of the present invention relates to a microflu-
1dic system, which 1s used as a tilted-rotor or actuator rotary
peristaltic pump. FIGS. 1A-1C show a tilted actuator pump
according to certain embodiments of the invention. Specifi-
cally, FIG. 1A shows a substantially vertical motor shaft 101
inserted into a pump actuator 102 that moves the rollers 103
to compress a wedge-shaped flumidic chip 104 with contact-
ing surface 110 and fluidic surface 120 with a wedge angle
0 between them that 1s mounted upon a support plate 100,
where 020. FIG. 1B indicates how the same varying force
between the rollers and the contacted surface of the fluidic
chip can be accomplished by tilted shait 106 and the pump
actuator 102, such that the actuator 102 and the rollers
therein rotate 1n a plane that 1s tilted by angle 0 with respect
to the fluidic chip 105. FIG. 1C shows a substantially
vertical motor shaft 101, but with the contacted surface of
fluidic chip 105 separated from the support plate 100 by a
passive wedge 107 with angle 0. In all cases, the wedges or
motor tilt reduces the flow transients associated with abrupt
engagement and disengagement of a roller with the under-
lying channel.

One aspect of the present invention relates to a microflu-
idic system, which utilizes a rolling ball actuator. FIGS.
2A-2D show a rolling ball actuator assembly according to
certain embodiments of the invention, and FIGS. 2E and 2F
show a microfluidic pump having the rolling ball actuator
assembly. As shown 1n FIGS. 2A and 2B, the rolling ball
actuator assembly 200 includes a sprocket 201, which func-
tions as a ball cage, to maintain the separation of balls 202.
In certain embodiments, the actuator assembly 200 may
include at least one ball 202, and the sprocket 201 may be
necessary when multiple balls 202 are provided. The balls
202 roll against an elastomeric O-ring 203 (see FIG. 2B),
which functions as a traction disc that provides the traction
force to allow the balls 202 to roll against the fluidic chip
213 (see FIGS. 2FE and 2F). Between the balls 202, the
fluadic chip 213 1s not compressed so that the fluidic channel
can capture the fluid being pumped. The round or square
cross-section O-ring 203 1s positioned 1n a recess groove 1n
ball cup 204 1n such a way to avoid contact with the rotating
sprocket ball cage 201. The radial position of the balls 1s
determined by a ball cup 204 and the sprocket 201. A set
screw 1n a threaded hole 205 attaches the actuator assembly
200 to the motor shatt 215 (see FIGS. 2E and 2F). FIGS. 2C
and 2D show an actuator assembly according to another
embodiment, with an elastomeric washer 207 as a flat
clastomeric traction disk that lies flat on the bottom of the
ball cup 204 with a spacer/washer 208 above 1n the center to
create a vertical separation between the traction disk 207 and
the sprocket 201. FIG. 2D shows the traction disk 207 being
penetrated by a central shoulder 209 that 1s part of the ball
cup 204 that elevates the actuator 201 and prevents 1t from
rubbing against the disk 207, thereby avoiding damage to the
traction washer caused by rubbing against the sprocket. As
shown 1n FIGS. 2E and 2F, a through-plate fluidic chip 213
with pumping channels (not shown) 1s supported by the
fluidic support plate 214. The motor shaft 215 rotates the
actuator assembly 200 1n contact with the fluidic chip 213,
thus forming a microtluidic pump.

FIGS. 3A-3G show a spiral pump according to certain
embodiments of the invention. Specifically, FIG. 3A shows
a through-plate elastomeric fluidic chip as a single-channel
spiral peristaltic pump 300, which may be used as the fluidic

chip 213 1n FIGS. 2E and 2F. The through-plate elastomeric
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fluidic chip 313 has six outer protrusions 301 and a single
inner protrusion 331 that align and hold the chip 313 1n a
support plate (214 1n FIGS. 2E and 2F). These protrusions
301 and 331 are optional and are used for convenience here
to combine the functions of mechanical positioning and
tubing ports and do not aflect the operation or performance
of the described spiral pump. The microfluidic channel 320
has an outer end 321 to a tubing port within one of the outer
protrusions 301, and an mnner end 329 that connects to a
tubing port in the inner protrusion 331. A multiple-ball
rolling ball actuator (such as the actuator assembly 200 in
FIGS. 2E and 2F) compresses a circular zone 340 that
crosses a segment of the spiral fluidic channel 320 at point
325. As the ball actuator continues to move, 1n this example
counterclockwise, the channel 320 1s fully collapsed by the
compression zone, and the dots 302 represent the sequential
positions of one of the many balls in the actuator, as shown
at the location “A” to “F”” of maximum channel compression
at sequential instants of time, as indicated by the six section
lines 1n FIG. 3A and the sectional views in FIG. 3B. At
location A, the channel 320 1s fully compressed, as shown by
362 in FIGS. 3B and 3C, and blocks the flow of fluid. The
point moves as the actuator rotates. In this example, the
pumping of the channel 320 1s from the outer end 321 to the
inner end 329 (through points A to F), and at the point F, the
ball being tracked no longer compresses the channel 320 so
that 1t relaxes to 1ts native dimensions (367, F1G. 3C). As the
balls travel along their circular path, the fluid 1s trapped
between the travelling compression zones and moves along
the channels, because beneath each ball 1n the compression
zone the cross-sectional area of the channel 320 will be less
than the relaxed value given by the native dimensions of the
channel 367 (FIG. 3C). As the balls move out of the
compression zone, the trapped fluid will be gradually
released towards the channel outlet 329. If the dots A-F were
to represent separate balls rather than a single ball being
tracked with time, each of the compression zones A-to-B,
B-to-C, C-to-D, D-to-E, and E-to-F acts as a travelling
fluidic capacitor that absorbs pressure and volume changes,
while the mcomplete compression zones between the dots
(C, D, E) act as resistors 1n a series ol resistor-capacitor
low-pass filters that move along the spiral channel and
attenuate severely the fluctuations normally associated with
a peristaltic pump. A similar filtering eflect occurs to mini-
mize retlected mput fluctuations as the channel enters the
compression zone between 321 and AA'. The exact spiral
shape of the spiral channel 320, its size relative to the
actuator, and the diameter and spacing between the balls 1n
the rolling ball actuator will determine the low-pass filter
characteristics of the spiral pump. The gradual restoration of
the compressed channel shape depicted in FIGS. 3B and 3C
as the actuator balls roll away from the channel contributes
to the gradual, smooth release of the fluid trapped between
the ball compression zones. While in this example the
actuator 1s rotating counterclockwise to pump from the outer
end 321 to the inner end 329, the device may also function
in reverse, pumping from 329 to 321 with clockwise actuator
rotation. In certain embodiments, the parameters that
describe the curvature of the spiral can be adjusted to
mimmize output pulsations preferably for one direction of
motion. A different parameterization could optimize the
performance for the opposite direction of rotation.

Given that only a small fraction of the area of the fluidic
chup 313 is occupied by the spiral channels and only one
outer protrusion 301 contains a tubing port 321, in certain
embodiments, 1t 1s possible to add additional channels to the
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(12 channels), with the corresponding 6 and 12 tubing ports
respectively on the inner protrusion 331. Further, given that
all the channels 1n either FIG. 3D or 3E will produce
identical flow rates, within manufacturing tolerances, halt of
the channels could be used to deliver tluid to one side of a
sealed barrier bioreactor, for example a neurovascular unit

(NVU) on a chip, and the other half used to deliver fluid to
the other side of the barrier. Thus, the six-channel chip in
FIG. 3D could use a single motor and actuator to perfuse
both sides of three two-chamber NVUs. Alternatively, the
matched pumping channels could ensure that the same
amount of fluid that was delivered to the mput of a biore-
actor was removed from the other, to minimize pressurized
flow across the barrier, in the form of a push-pull pump pair,
and the 12-channel pump in FIG. 3E could do push-pull
perfusion of both sides of three NVU bioreactors.

While a constant level of fluid 1n an open reservoir could
be maintained by pumping in the exact amount of fluid as 1s
pumped out, in practice this 1s diflicult to accomplish, as
pump properties or local conditions vary over time. The
inevitable mismatches could lead to a reservoir being emp-
tied or overtfilled. In certain embodiments, the channels 1n
FIGS. 3D and 3FE may alternate 1n their cross-sectional area;
for example, using two different channel widths and/or
depths, the pumping rate of the larger channels would be
proportionally larger than the smaller channels, which
allows a multichannel spiral pump to maintain a particular
level of tluid 381 1in multiple open bioreactors 380, as shown
in FIG. 3E, since the level of fluid 1n the bioreactor would be
set by the height of the withdrawal tube 383 that would be
designed to pump fluid faster than the fluid delivered by
input tube 382. Because the withdrawal channel pumps
faster than the delivery channel, 11 the fluid level 1s lhigher
than the bottom of the withdrawal tube 383, the level will
drop because more fluid 1s being pumped out. If the fluid
level 1s lower than the bottom of the withdrawal tube 383,
the withdrawal tube 383 will pump air and the fluid level
will rise, thereby regulating the fluid level.

FIG. 3G shows a six-channel spiral pump that has a
common central port. In this configuration, a clockwise
rotation will deliver equal amounts of fluid to each of the
outer ports, serving as a splitter that does not suiler from the
inevitable imbalances that can occur with a passive splitter.
Rotation 1in the counterclockwise direction will draw fluid
from each of the outer ports and collect 1t at the inner one,
for example to collect at 1dentical rates effluent from mul-
tiple bioreactors and deliver it to a common reservoir or
analytical imstrument. In certain embodiments, not all chan-
nels/ports present must be used, which allows an application
of this fluidic chip such that, with the actuator rotating
counterclockwise, the collective tlow rate may be selected
by connecting any number of outer ports to supply tubing
while blocking or recirculating the unused ports.

In the embodiment as described above, the spiral pump
has the protrusions, and the balls are used as compression
structures. In certain embodiments, the spiral pump does not
require the protrusions. In certain embodiments, the balls
may be replaced by rollers or alternative compression struc-
tures. Other embodiments of the spiral pump can utilize
certain shapes of rollers or rollers 1 combination with
force-distributing ridges rather than balls to provide the
periodic moving pressure zones that result in progressively
lesser degrees of channel compression in the regions of
spiral channel closest to the center of the spiral that 1s end
of the spiral that 1s typically designated as the tluid output
port.
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FIG. 4 shows a rotary peristaltic pump according to
certain embodiments of the invention, which provides an
alternative means to reduce peristaltic pump fluctuations. As
shown 1n FIG. 4, the microfluidic chip 401 has a pumping
channel 402, an output channel 404, and an output bypass
channel 403 that connects 401 to the bioreactor or collection
reservoir (not shown). A rotating rolling actuator 410, shown
with a circumierential view, contains multiple balls 411 and
a common cage 412. An external force applied to the balls
411 by either the cage 412 or to an upper moving traction
disc (see FIGS. 2A-2D) causes the balls 411 and the cage
412 to move rightward, as shown by the arrow. As the balls
411 compress the pumping channel, the balls 411 create
compression zones that capture fluid and, as the actuator
moves rightward, the trapped fluid does as well. The use of
two connection channels 403 and 404 prevent the fluid from
being trapped and pressurized as the balls 411 reach the end
of the channel 402 and fluid 1s expelled. The combination of
the two connection channels 403 and 404 ensures that the
delivery of fluid by the pump i1s never interrupted, which
commonly happens with peristaltic pumps during the roll off
transition. A corresponding structure could exist on the input
of the pump to avoid transient halting of the mput flow or
when the pump 1s operated in the suction mode.

FIGS. 5A-5G show a multi-port, multi-throw analytical
valve according to certain embodiments of the invention.
Specifically, FIGS. 5A and 5B show the operation and utility
of the multi-port, multi-throw analytical valve to control the
connection of the output flow of one or more perfused
microbioreactors or organs 540 to a metabolic or other
sensor 550 or a waste reservoir 531. During the operation of
the analytical valve in either a measurement mode (FIG. SA)
or a calibration mode (FIG. 5B), the output flow of the
bioreactor(s) 1s never blocked. As shown 1n FIG. SA, 1n the
measurement mode, the output of the organ(s) 540 passes
through the sensor 550 by the position of the valve 575, and
the common flmidic channels of the valve 570 and the pump
580 are rinsed by havmg the pump 580 withdraw rinse
media from reservoir 390 and direct 1t towards the waste
reservoir 551. Other calibration solutions 570 could be
pumped to the waste reservoir 551 as well. Further, as shown
in FIG. 5B, 1n order to calibrate the metabolic sensor 550,
which 1s prone to drift, the valve 570 1s switched to the
calibration mode by selecting calibration media (CAL 2
shown) from one of several calibration media reservoirs 560
to perform the calibration operation, the calibration media 1s
delivered to the sensor 550 by the pump 580, and the
output(s) of the organ(s) 540 1s directed towards waste 551
by the action of valve 575. In this design, the organ(s) may
be perfused by gravity, pneumatic pressure, or a pump (not
shown) such that the organ 1s always continuously perfused.

FIG. 53C shows a single microtluidic analytical valve 500
that can implement the various modes described in FIGS. 5A
and 5B. As shown in FIG. 5C, the analytical valve 500
includes a fluidic chip 501 with protrusions 521 that serve as
tubing ports and anchor the fluidic chip 501 to the support
plate 514, and microflmidic channels 1n the fluidic network
520 are sealed within the fluidic chip 501. The actuator 502,
with ball-actuating grooves 530 1n an actuating surface 533,
1s driven by a motor shaift 505, and includes actuating
clements 503, a ball cage 504, and an off-board pump (not
shown). The actuator 502 rotates to change the state of the
valve and the caged actuating elements (1n this embodiment
balls) slide against the actuator. For example, 1n a first state
as shown i FIG. 5D (where an actuator angle ®=0°), the
analytical valve 500 collects an analyte from the bioreactor
(not shown) through a bioreactor input channel, and sends it
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to a waste reservoir (not shown) through a waste output
channel, while also collecting a rinse solution and directing
it first through an internal fluidic channel 510, the off-board
pump (not shown), through another internal fluidic channel
511, and finally to the sensor (not shown) through a sensor
output channel. In a second state as shown 1n FIG. SE (where
the actuator angle ®=120°), a calibration solution 1s selected
(e.g., CAL O08) through a corresponding calibration input
channel and directed to the sensor through the sensor output
channel, while the bioreactor input channel 1s interconnected
to the waste output channel to send the analyte from the
bioreactor to waste. In a third state (where the actuator angle
©=252-285°, not shown), the analyte remains directed from
the bioreactor to waste, while all other conduits are closed
and 1dle. In a fourth state as shown 1n FIG. SF (where the
actuator angle ©®=300°), the bioreactor input channel 1is
switched and interconnected to the sensor output channel to
direct the analyte from the bioreactor to the sensor, while all
other conduits are 1dle. In a fifth state as shown 1n FIG. 5G
(where the actuator angle ©=306°), a rinse solution 1s
directed through a rinse mput channel to pass the length of
channels 512, 513 and sent to waste, while the analyte
remains are collected from the bioreactor and sent to the
sensor. In the embodiments as shown 1in FIGS. SA-5G, the
analytical valve 500 1s designed such that fluid being
pumped into the fluidic chip 501 from the bioreactor has an
outlet at all times (either sent to the sensor, to waste, or to
both), as not to cause a dead-end scenario that might rupture
the fluidic chip 501 or interrupt perfusion of a sensitive
organ chip. In certain embodiments, the number of ports or
channels that can be serviced as shown 1n FIGS. 5C-5G 1s
determined by the available circumierence of the through-
plate tluidic chip 501 and the underlying tubing-port pro-
trusions 521 that anchor the fluidic chip 501 to the support
plate 514, and the minimum spacing between individual
channels 1n the fluidic network 520. As shown 1n FIG. 5C,
a typical valve has 1 ilet/outlet port and 25 outlet/inlet
ports, depending upon the chosen tlow direction. In certain
embodiments, different embodiments of the fluidic network
520 could use some of the 25 ports to service two or more
independent bioreactors whose output 1s either sent to a
SeNsor or waste.

FIGS. 6 A-6G show a multi-port valve according to cer-
tain embodiments of the invention. Specifically, the multi-
port valve 600 1s built upon the architecture of the rotary
planar valve assembly 500 1n FIG. 5C, except with a vastly
higher port density. The multi-port valve 600 increases the
number of ports by having the tubing port directly beneath
each valve actuator, as shown 1n FIGS. 6 A and 6B, where a
through-chip fluidic valve unit 600 has a tubing 650 with a
bore 651 seated in the tubing port of a circular through-plate
fluidic chip 601 with multiple protrusions 621 inserted into
fluidic support plate 614. In the open state as shown 1n FIG.
6 A, the ball 603 is seated 1n the recess 630 in the actuator
602, and the access channel 619 1n the fluidic chip 1s open
and connected to tubing bore 651. As shown 1n FIG. 6B, the
actuator 602 1s rotated to the left so that the ball 603 1s lifted
out of the recess 630 to compress, collapse, and seal the
access channel 621, switching it to the closed state. The
resistance to shear force between the tubing 650 and the
protrusion 621, and the insertion of the protrusion 621 nto
the support plate 614 together support the compressive force
delivered by the ball 603 to create a compression zone and
seal 660 immediately beneath the tubing port.

FIG. 6C shows a multi-port valve according to one
embodiment, where the fluidic chip 601 has 100 valve units
600 with the protrusions 621 all penetrating corresponding,
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holes 1n the support plate 614. As shown m FIG. 6C, a
central port (1.e., the first port) 680 1s connected to a single
common channel 620 that 1s everywhere located outside of
the compression zone 660 i FIG. 6B that supplies (or
collects) media from each of the valve units (i.e., the second
ports), such that the first port 680 1s interconnected with all
of the second ports. The design does not require any
cross-overs of the fluidic channels, so all fluidic channels are
in a single layer. FIG. 6D shows an enlarged view of the
relation between the access channels 619 and the common
channel 620, where the length of each access channel 620 1s
kept as short as possible to extend beyond the compression
zone 660 1n FIG. 6B to minimize the dead volume and fluid
retention associated with the uncompressed portion of each
sealed channel. FIG. 6D also shows a radial actuator recess
groove 630 that can span the radial distance occupied by the
four-deep pattern of valve units 600 that are angled to allow
the radial actuator groove 630 to access one valve unit at a
time, depending on the angle to which the actuator 1s rotated.
In other embodiments, the valve i FIG. 6D with M ports
could be divided into N 1dentical sections, each with sepa-
rate input ports 680 and common channels 620, and an
actuator 602 with N recesses, to create an MxN multiple-
port/multiple-throw valve.

FIGS. 6E-6G show the valve unit according to diflerent
embodiments, where the fluid 1s conveyed to the valve
region not vertically by a tube 650 (see FIG. 6A) but
horizontally by a channel 618 that 1s connected to a vertical
via 627 that 1s 1n turn connected to access channel 619. In
cach of FIGS. 6E-6G, the left panels show the open state
similar to FIG. 6 A, and the right panels show the closed state
similar to FIG. 6B. As shown in FIG. 6E, the upper fluidic
layer 690 with the channel 618 1s either rigid or elastomeric,
the middle via layer 691 1s rigid and supports the compres-
sive force, and the lower layer 692 with channel 619 1s
clastomeric. The valve in FIG. 6F has only two fluidic layers
694 and 695 backed by a rigid support plate 693, and does
not have a via layer and hence cannot provide fluidic
cross-overs because the vias are created by any intersections
of channels on opposing surfaces of the two layers 694 and
695. As shown 1n FIG. 6G, a rigid support layer 696 supports
the compressive force delivered to the rigid or elastomeric
upper layer 697 without channels, a via layer 698 with a
channel to the right, and a lower elastomeric layer 699 with
a channel to the left, thus supporting fluidic cross-overs
because the channels are 1n the upper surfaces of elastomeric
layers 698 and 699, and the middle layer 698 also provides
the vias. In each embodiment, all layers are bonded to
prevent leaks. The high density of ball actuators mn FIGS.
6C-6D can also be used to create a pump, since the use of
three balls on a single straight channel operated 1n a specific
sequence creates a pump. In certain embodiments, 1t 1s
possible to create a rotating pump actuator that can provide
this sequence with a properly curved groove.

FIGS. 7A-7C show a lagging-actuator direct-access valve
according to certain embodiments of the invention. Specifi-
cally, the rotary valves described above are all serial access
valves, with the ports being addressed one after another as
the actuator 1s rotated. Using FIG. 6C as an example,
suppose that the valve port 1 a first position 1s currently
open, and 1t 1s necessary to close the port in the first position
and open another port i an eighth position. Thus, the
actuator would be rotated from the first position to the eighth
position, transiently opening and closing all intermediate
ports. As long as the fluidic channels were not pressurized
and the actuator was rotated quickly, there would be minimal
fluud displaced from channels in the second to seventh
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positions. Accordingly, a lagging-actuator direct-access
valve has the ability to go from one valve position to a
distant one without having to transiently open and close each
intermediate channel. As shown 1n FIG. 7A, a valve chip 700
has multiple actuating element (ball) locations 701 operating
on each of the mput/output tluidic channels 702 connected
to a common fluidic channel 703. Each channel 702 1s
normally pinched closed by two balls 720 and 721 (see FIG.
7C). A given input/output channel 702 pinched by at least
one ball 720 and 721 i1s closed. In order to open the given
input/output channel 702, the compressive force applied to
both corresponding balls 720 and 721 must be relieved
concurrently. In other words, 11 either or both balls 720 and
721 are not actuated from their normally-closed position, the
channel 702 remains closed.

FIG. 7B shows a lagging-actuator assembly 710, includ-
ing an mner (driven) actuator 711 and an outer (driving)
actuator 712, as coaxially aligned on a motor shaft 713. The
outer actuator 712 1s locked to the motor shait 713 by a set
screw (not shown) in the screw hole 718. A limiting pin 714
1s athxed to the outer actuator 712, and 1ts motion 1s
constrained to within the bounds of a limiting pocket 715 on
the inner actuator 711. When the outer actuator 712 1s rotated
clockwise, the limiting pin 714 1s driven to the clockwise
extreme end of the limiting pocket 715, and the reverse 1s
also true. The arc-length of limiting pocket 715 establishes
an intended backlash or “lag” between the outer actuator 712
and the mner actuator 711. As the outer actuator 712 rotates
clockwise as viewed from above, the limiting pin 714
contacts clockwise extreme end of limiting pocket 715, and
the outer actuator 712 and the inner actuator 711 begin to
rotate as a whole, with an outer groove 717 on the outer
actuator 712 and an inner groove 716 on the 1mner actuator
711 unaligned. With grooves 716 and 717 unaligned, all
input/output channels 702 see compression from at least one
ball 720 and 721 at all times. Beginning 1n this state and
immediately following reversal 1n rotational direction of the
outer actuator 712, the inner actuator 711 remains stationary
(by friction and/or presence of actuator element 720 within
the inner groove 716) until the limiting pin 714 contacts the
other end of the limiting pocket 715, and the inner actuator
711 and the outer actuator 712 rotate as a whole with the
grooves 716 and 717 axially aligned. In this case, with
actuator grooves 716, 717 axially aligned, both pinch points
established by the balls 720 and 721 are relieved concur-
rently, and target channel 702 opens to tlow.

FIG. 7C shows a lagging-actuator assembly 710 as seen
by the fluidic chip 700 as well as corresponding cross-
sectional views, 1n multiple steps (from lett to right) required
for opening target channel 702 to flow. As the grooves 716,
717 approach a target zone, the inner ball 720 and the outer
ball 721 remain pressed into the fluidic chip, thereby block-
ing flow. When the lagging-actuator assembly 710 rotates
from 1ts previous position, no channel has both balls released
concurrently. In the second step, by rotating counterclock-
wise (as seen by the fluidic chip 700), the outer groove 717
reaches and aligns with the outer ball 721. In the third step,
aiter turther counterclockwise rotation, the outer groove 717
has rotated past alignment with the outer ball 721, while the
iner groove 716 reaches and aligns with the iner ball 720.
In the nghtmost and last step, rotation reverses until the
outer groove 717 also aligns with the outer ball 721 while
the mner (driven) actuator 711 remains stationary. Both balls
have now retracted to open the target channel 702.

In a different application, the actuator assembly 710 may
spin along a same direction continuously (rather than mov-
ing to a designated channel and stopping) with the grooves
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unaligned, causing the balls 720, 721 to sequentially relax
momentarily. As the pinched channels 702 momentarily
relax, the fluid previously displaced by respective balls 720,
721 returns to fill the void. As the actuator assembly 710
continues to rotate, the balls 720, 721 once again pinch the
channel 702, and the corresponding tluid 1s again displaced.
The result 1s a pulsation of fluid through the conduit within
and/or connected to the channel 702, and this pulsation
could be used at the end of the conduit to mix or agitate a
reservoir of liquid in which it 1s submerged. Since no
channels are relieved of both pinch points concurrently 1n
this application, there 1s no net tlow through channels 702.
In yet another application, it 1s also possible to provide the
sequence required for unidirectional pumping by employing
concentric rings that have a small “lag” ofiset. By making
the lag oflset operate 1n both directions, the sequence will be
the same on the fluidic no matter which direction the motor
1s turning. This could be useful when coupling other
mechanical components that are direction sensitive and
could allow different modes of operation while always
pumping fluid in the same direction.

FIGS. 8A-8M show a random-access bistable valve
according to certain embodiments of the mvention, which
provides random access to a valve that 1s bistable (each port
1s e1ther open or closed, independent of whether the actuator
1s energized or not) and does not require the serial opening
and closing of intermediate channels as previously dis-
cussed. In certain embodiments, the random-access bistable
valve uses an actuator with two spatial degrees of freedom
to provide random access to each port. As shown 1n FIG. 8A,
a rigid or elastomeric fluidic chip 801 has one common
channel 820 and three access channels 819, each with their
own tubing ports 831-834 from the bottom. The channels are
sealed by an elastomeric membrane 811 that 1s bonded to the
fluidic chip 801. Three actuator balls 803 are captured by a
ball cage 822 and are pressed into the membrane 811 by the
actuator 802 with a recess 830. As shown, the leftmost ball
803 1s released and the channel below 1t 1s open, whereas the
right two balls are compressed mto the membrane 811,
thereby sealing those two channels. An X-Y actuator device
870 can move the recess 830 along a trajectory 871 that will
allow the recess to open the nghtmost valve while leaving
the middle valve unchanged. The actuation device 870 in
FIG. 8A may require two independent motors. In another
embodiment, the mechanism in FIG. 8B allows a single
motor to change the radial position of an actuating recess
depending upon the direction of rotation of the actuator.
Specifically, FIG. 8B shows a two-part actuator having an
upper disk 840 and a lower disk 844 coupled by two pins 842
in one or more slots 843, such that rotation 1n one direction
would place the actuating recess at one distance from the
axis of rotation, but rotation 1n the opposite direction would
result 1n the actuating recess being pushed to a diflerent
radius. The upper disk 840 1s rotated by a motor drive shaft
841 to rotate the two pins 842, with one closer to the axis of
the disk 840 than the other. The drive pins 842 engage the
drive slot 843 1n the lower disk 844. The shape of the drive
slot 843 15 designed to maximize the diflerence 1n the radial
distance moved by the actuating recess 845 relative to the
axis of the motor shait 841 and the upper disk 840 when the
disk 1s rotated first in one direction and then in another.

In certain embodiments, the radial control of the actuating
recess can also be controlled by miniature gears enclosed
within a rotating actuator. For example, as shown in FIGS.
8C and 8D, the motor (not shown) rotates a central partial
pinion 861, which in turn drives the rack of a radial pawl
862. Rotation of central pinion 861 1n the clockwise direc-
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tion drives the pawl 862 and the actuating recess 863
outward, until the pawl 862 engages 1n the stationary slots
864 that define the angular location of the recess 863. In this
case, the recess 863 1s directly above one of the 25 available
balls 865 1n the cage layer above the channels within the
valve fluidic chip. When the pawl 862 1s rotated counter-
clockwise (see FIG. 8D), the pawl 862 is retracted, and the
recess 863 1s no longer opening the valve at that angular
location. Because the pawl 862 jams against the end of the
actuator slot 866, the torque applied by the motor causes the
entire actuator assembly to rotate counterclockwise, allow-
ing the pawl 862 and the recess 863 to be moved to another
angular location. Reversing the rotation to the clockwise
direction drives the pawl outward and engages another
stationary slot than the one as shown i FIG. 8C.

FIGS. 8E and 8F show another embodiment, which
accomplishes the same radial control by having the actuator
recess driven by a pinion gear with limited rotation. When
the pinion reaches 1ts stop, the motor torque rotates the entire
actuator to the desired position. The gears would be hidden
beneath a planar surface that allows the actuator to slide
under the balls, with the balls dropping only when they are
in the recess 873. The full central pimion 871 drives a partial
pinion 872. When the central pinion 871 1s driven 1 a
clockwise direction, the actuation recess 873 i1s drawn 1n
until the upper stop 874 1s encountered, at which point the
entire assembly would rotate clockwise to the desired valve
position. As shown in FIG. 8F, the partial pinion 872 1s
rotated 1n the counterclockwise position, the recess 873 1s
driven out to engage with the desired actuating ball, and the
lower stop 875 prevents the recess from being moved further
out. Various combinations of clockwise and counterclock-
wise rotation of the central drive pinion thereby allow any

desired valve to be actuated without engaging any interme-
diate ones.

In other embodiments, the random-access valve with
geared detent control can be applied to other valves, such as
the 100-port rotary planar valve in FIGS. 6C and 6D. FIG.
8G partially shows a valve of FIG. 6D with the actuator
groove 630. This valve can be made into a random-access
valve 1 1t 1s possible to remove the groove when 1t 1s
traversing balls whose opening 1s not desired. As shown 1n
FIGS. 8H-8J, the mechanism converts the planar pinon/rack/
stop approach of FIGS. 8E and 8F into a radial, cylindrical
valve actuator that rotates in a similar directional manner,
except 1n a vertical plane to drive a horizontal, radial
cylinder that exposes or hides actuator groove 830. As
shown 1 FIG. 8H, the lower actuator disk 851 1s driven by
a motor shaft 850 to rotate teeth of a tangential rack 852.
These teeth engage with teeth of a partial pimion 854 1n the
actuator cylinder 8355 in an upper actuator disk 856. A
stationary ball cage 822 has a ball 858 resting 1n the actuator
groove 830 so that the corresponding valve 1n the fluidic
chip 801 1s open (see FIG. 81). The adjacent balls 859 are not
in the groove 830, and thus are elevated in the ball cage 822
and compress membrane 811 to seal the corresponding
channels controlled by the elevated balls 859. FIG. 81 shows
how the cylindrical actuator 855 1s captured in the radial and
horizontal cylindrical hole 853. As shown 1n FIG. 8], the
lower actuator disk has been rotated to the left, causing the
cylindrical actuator 855 to rotate clockwise, such that ball
858 15 no longer 1n the recess, and the corresponding channel
1s closed. In certain embodiments, other mechanical con-
figurations can be used to displace or hide the actuating
recess or recesses. In certain embodiments, the valves could
be actuated by linear rather than rotational motion of the
activating recess or recesses relative to the activation sites.
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In certain embodiments, the valve shown conceptually in
FIG. 8A can be generalized 1nto a “crossbar’” valve that can
connect any channel 1n one layer with any channel 1n a
second layer. As shown i FIG. 8K, a planar actuator 802
contains an actuating recess 830 that can be moved 1n two
orthogonal directions by an actuating device 870. The ball
cage and the balls 822 are between the actuator and the first
fluidic layer 801. A via layer 890 separates the first fluidic
layer 801 from the second fluidic layer 891. If the spacing
between the channels and the balls in the cage 1s suflicient,
the actuator recess can be moved from any location to any
other location without actuating any valve between these
two positions. This system could readily create a 100x100
ribbon-tluidic crossbar valve formed at the overlapping
intersection of two 100-channel ribbon fluidics 801 and 891.
With adequate spacing between the channels in the ribbon
fluidics 801 and 891, 1t would also be possible to use a
diagonal line or other array of multiple actuating recesses
830 in planar actuator 802 to create a two-dimensional
Moire pattern such that there is a unique X-Y location of 802
such that a particular one of the many recesses 830 would
align with one of the many via valves created by the array
of vias 1n the via layer 890. In another embodiment, the use
of multiple recesses 830 in actuator 802 could provide
particular combinations of open and closed valves i a
fluidic network. FIG. 8L shows the details of the protrusions
that allow any multi-port via valve to be closed without
blocking all downstream channels, including the overlap of
the protrusion at the first valve position in the lower channel
layer 801 (801A) with the protrusion at the first valve
position in the upper channel layer 891 (891A), and the via
that connects the two (890AA). Alternatively, a 100x100
crossbar valve could be implemented by having the 100
iputs 621 of the multi-port valve 1n FIG. 6C serve as the
input to the 100x100 crossbar valve, with the output com-
mon port 680 being connected to the central input common
port 680 of a second multi-port valve, whose 100 outputs
621 thereby address a different set of 100 fluidic lines, and
this valve would also require two independent motors to
specily the input and the output that would be connected to
the common line connecting the two common ports 680.

In another embodiment, a sliding roller actuator system as
shown 1n FIG. 8M can use the cylindrical actuator concept
of FIG. 8H to implement the X-Y control of a crossbar valve
without the need to rely on traversing a single or multiple
fixed actuator recesses 830 across the area of the valve. As
shown 1n FIG. 8M, a cam motor 880 with a lead screw 882
drives the cam 883 to the position to apply pressure to the
end 884 of a horizontally spring-loaded cylindrical actuator
855. The rightward displacement of the cylindrical actuator
855 engages the pinion 854 on the threads of the horizontal
axis control lead screw 883. Activation of the motor 881 can
then control the angular position of the cylindrical actuator
8355, allowing rotation without allowing any of the multiple
actuating recesses 830 to engage any one of the via valves
822 1n that horizontal row of the via valve array. Once the
angular position of 8355 has been selected to engage one and
only one via valve, the cam 884 1s moved away and the
cylinder 855 returns to 1ts original position to open the
designated via valve. There 1s independent control of each
horizontal valve set, as controlled by a single actuator 855,
and independent control of the vertical set of cylindrical
actuators, allowing more than one valve to be open at a time.

In yet another embodiment, a concept of the lagging
actuator as discussed above can also be used to create a
single-motor, 25x235-port crossbar valve, as shown in FIG.
8N. A valve chip 801 contains two concentric circular arrays
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of 25 via valves 822, all connected by a long common
channel 820 that alternates between the imner and outer
arrays, 1n a continuous series. Inner and outer actuator rings
886 and 887 cach contain a single actuating recess 830
(black circle). The central motorized actuator 888 has a
single protrusion that can cause the inner ring to rotate either
clockwise or counterclockwise by engaging with the actua-
tor protrusions 889 on the central actuator 888 and the rings
886 and 887. A sequence of sequential clockwise and
counterclockwise rotations of the central actuator 888 can
cause the two actuator recesses 830 to be positioned over the
selected mner and outer via valves. The use of multiple

actuating rings could enable the lagging-actuator direct
access of FIG. 7.

In each of the valves as described above, the compression
structure 1s shown as a plurality of caged balls that are
pressed 1nto or released from a flmdic channel by an
actuating surface with recesses. In other embodiments, the
same functions could be performed using an actuator that
engages either caged cylinders or other shapes, or fixed

cantilevers or levers.

FIGS. 9A-9D show a bubble-tracking flow meter accord-
ing to certain embodiments of the imvention. The bubble-
tracking tlow meter can be realized using the pumps and
valves 1n any of the embodiments and 1s not limited to those
described above. As shown in FIG. 9A, the flow meter
includes two light-transmission detecting devices separated
by a known fixed distance, formed by light sources 910 and
920 and corresponding light detectors 940 and 950 located
on the opposite sides of a fluidic channel or tube 930 to
detect the presence or absence of a bubble 1n the channel or
tube. A pump and valve (not shown) 1nject a bubble 960 that
moves at a particular velocity along the channel between the
two light-transmission detecting devices (FIGS. 9B-9D),
where the leading or trailing edge of the bubble 1s used to
trigger the detector circuitry (not shown) to determine the
time 1t took for the mjected bubble to traverse the distance
between the detectors. The pump can reverse direction,
return the bubble to 1ts starting position, and send 1t across
again at a different flow rate to calibrate the pump, or
withdraw the bubble. In another embodiment, ultrasound
could be used to detect the bubble.

FIG. 10 shows a bioreactor with gas delivery/exchange
capabilities according to certain embodiments of the mnven-
tion. As shown 1 FIG. 10, the layout of the bioreactor
chamber 1001 1s formed and perfused through an mput port
1002, a splitter network 1003, a collector network 1004, and
an output port 1005. In this embodiment, two gas exchange
channels 1006 and 1007 flank the bioreactor chamber 1001,
the splitter network 1003, and the collector network 1004. In
this mstance the gas exchange channels 1006, 1007 have a
serpentine shape to increase the surface through which
gases, Hluids contaiming certain concentrations of gasses, or
gasses with certain moisture levels flowing through channels
1006 and 1007 interact with the material from which the
construct 1s made. The gas diffusing through said material
will, 1n turn, interact with the bioreactor contents of the
bioreactor chamber 1001. In thus embodiment, a gas con-
centration gradient may be established by sending different
gases, or diflerent concentrations of the same gas, through
the two channels 1006 and 1007. Alternatively, the gas
composition 1n the channels 1006 and 1007 may be 1denti-
cal.

The foregoing description of the exemplary embodiments
of the imnvention has been presented only for the purposes of
illustration and description and 1s not intended to be exhaus-
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tive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in light of
the above teaching.

The embodiments were chosen and described 1n order to
explain the principles of the invention and their practical
application so as to enable others skilled 1n the art to utilize
the invention and various embodiments and with various
modifications as are suited to the particular use contem-
plated. Alternative embodiments will become apparent to
those skilled in the art to which the mmvention pertains
without departing from 1ts spirit and scope. Accordingly, the
scope of the mvention 1s defined by the appended claims
rather than the foregoing description and the exemplary
embodiments described therein.

What 1s claimed 1s:

1. A microfluidic system, being a tilted-actuator pump,

and comprising;:

a support plate;

a tluidic chip disposed on the support plate, wherein the
fluidic chip has a flmdic network comprising at least
one fluidic channel;

an actuator having a plurality of compression structures
configured to roll against the fluidic chip to control the
fluidic channel to switch between an open state and a
closed state, wherein each of the compression struc-
tures 1s a roller; and

a motor shaft inserted 1n the actuator to drive the actuator
to rotate relative to the fluidic chip;

wherein the actuator and the motor shaft are disposed to
t1lt from an actuator-contact surface of the fluidic chip,
such that the actuator rotates in a plane tilted by an
angle with respect to the actuator-contact surface of the
fluidic chap.

2. The microfluidic system of claim 1, wherein:

the motor shaft 1s perpendicular to the support plate, and
the fluidic chip 1s a wedge-shaped fluidic chip, such that
the actuator and the motor shatt are disposed to tilt from
the actuator-contact surface of the wedge-shaped tlu-
1idic chip; or

the motor shait 1s tilted and 1s not perpendicular to the
actuator-contact surface of the fluidic chip and the
support plate, such that the actuator and the motor shaft
are disposed to t1lt from the actuator-contact surface of
the fluidic chip; or

the motor shaft 1s perpendicular to the support plate, and
a passive wedge structure 1s disposed between the
fluidic chip and the support plate, such that the fluidic
chip 1s disposed to tilt from the support plate, and the
actuator and the motor shatt are disposed to tilt from the
actuator-contact surface of the fluidic chip.

3. The microfluidic system of claim 1, wherein the fluidic

chip 1s a spiral pump chip comprising:

a first surface facing and fixed to the support plate; and

a circular zone disposed on a second surface facing the
actuator assembly, wherein each compression structure
of the actuator rolls against the circular zone;

wherein each fluidic channel of the spiral pump chip 1s a
spiral fluidic channel having an outer end outside the
circular zone and an inner end within the circular zone,
and each spiral fluidic channel partially aligns with the
circular zone along a vertical direction, such that each
compression structure rolls along the circular zone,
compressing the portion of each spiral fluidic channel
to pump a tluid inside each spiral fluidic channel.

4. The microfluidic system of claim 1, further comprising

a bubble-tracking flow meter, comprising:
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two light-transmission detecting devices disposed on two
locations of the fluidic channel of the fluidic chip, each
of the two light-transmission detecting devices com-
prising;:

a light source disposed on a first side of the fluidic
channel, configured to emit light; and

a light detector disposed on a second, opposite side of
the fluidic channel, configured to receive light emit-
ted by the light source;

wherein a bubble injected in the fluidic channel 1s con-
figured to trigger each of two light-transmission detect-
ing devices, such that a flow rate of the fluidic channel
1s determined by measuring a triggering time difference
between the two light-transmaission detecting devices.

5. The microfluidic system of claim 1, further comprising,

a gas exchange bioreactor, comprising:
a chamber located between and 1n communication with an
input port and an output port, wherein a bioreactor
perfusion media 1s configured to pass through the
chamber:; and
a plurality of gas exchange channels surrounding the
chamber, such that gas passing through the gas
exchange channels 1s configured to diffuse through a
material between the chamber and each gas exchange
channel and to interact with a content of the chamber.
6. A microfluidic system, comprising:
a support plate;
a fluidic chip disposed on the support plate, wherein the
fluidic chip has a fluidic network comprising at least
one fluidic channel;
at least one compression structure, configured to com-
press or decompress the fluidic network within the
fluidic chip;
an actuator, controlling the compression structure at a
compression site; and
a motor shaft mnserted in the actuator, configured to rotate
the actuator relative to the fluidic chip, wherein the
actuator controls the compression structure at the com-
pression site to compress or decompress the fluidic
channel at a particular location when the actuator
rotates or moves,
wherein the actuator 1s an actuator assembly comprising:
a ball cup facing the fluidic chip, forming the receiving
cavity between the ball cup and the fluidic chip,
wherein the at least one compression structure coms-
prises a plurality of balls disposed in the receiving
cavity and configured to roll against the fluidic chip;

a ball cage disposed between the balls; and

a traction disc disposed between the ball cup and the
balls, configured to generate a traction force to
compress the balls to roll against the flmdic chip.

7. The microfluidic system of claim 6, wherein the fluidic

chip 1s a rotary peristaltic pump chip, each fluidic channel
within the rotary peristaltic pump chip has a pumping
channel interconnected with an output channel and an output
bypass channel, and the at least one compression structure
comprises a plurality of balls configured to roll against an
outer surface of the pumping channel and to press a fluid 1n
the pumping channel toward the output channel and the
output bypass channel.

8. The microfluidic system of claim 6, further comprising

a gas exchange bioreactor, comprising;

a chamber located between and 1n communication with an
mput port and an output port, wherein a bioreactor
perfusion media 1s configured to pass through the
chamber:; and
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a plurality of gas exchange channels surrounding the
chamber, such that gas passing through the gas
exchange channels 1s configured to diffuse through a
material between the chamber and each gas exchange
channel and to interact with a content of the chamber.
9. A microfluidic system, comprising;:
a support plate;
a tluidic chip disposed on the support plate, wherein the
fluidic chip has a flmdic network comprising at least
one fluidic channel;
at least one compression structure, configured to com-
press or decompress the fluidic network within the
fluadic chip;
an actuator, controlling the compression structure at a
compression site; and
a motor shait inserted 1n the actuator, configured to rotate
the actuator relative to the fluidic chip, wherein the
actuator controls the compression structure at the com-
pression site to compress or decompress the fluidic
channel at a particular location when the actuator
rotates or moves,
wherein the fludic chip 1s a spiral pump chip comprising:
a first surface facing and fixed to the support plate; and
a circular zone disposed on a second surface facing the
actuator assembly, wherein each compression struc-
ture of the actuator rolls against the circular zone;

wherein each fluidic channel of the spiral pump chip 1s
a spiral fluidic channel having an outer end outside
the circular zone and an 1nner end within the circular
zone, and each spiral fluidic channel partially aligns
with the circular zone along a vertical direction, such
that each compression structure rolls along the cir-
cular zone, compressing the portion of each spiral
fluidic channel to pump a fluid 1nside each spiral
fluidic channel.

10. The microfluidic system of claim 9, wherein the

actuator 1s an actuator assembly comprising:

a ball cup facing the fluidic chip, forming the receiving
cavity between the ball cup and the fluidic chip,
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wherein the at least one compression structure com-
prises a plurality of balls disposed in the receiving
cavity and configured to roll against the fluidic chip;

a ball cage disposed between the balls; and

a traction disc disposed between the ball cup and the balls,
configured to generate a traction force to compress the
balls to roll against the fluidic chip.

11. A microfluidic system, comprising;

a support plate;

a fluidic chip disposed on the support plate, wherein the
fluidic chip has a fluidic network comprising at least
one fluidic channel;

at least one compression structure, configured to com-
press or decompress the fluidic network within the
fluadic chip;

an actuator, controlling the compression structure at a
compression site; a motor shait inserted 1n the actuator,
configured to rotate the actuator relative to the fluidic
chip, wherein the actuator controls the compression
structure at the compression site to compress or decom-
press the fluidic channel at a particular location when
the actuator rotates or moves; and

a bubble-tracking flow meter, comprising two light-trans-
mission detecting devices disposed on two locations of
the fluidic channel of the fluidic chip, each of the two
light-transmission detecting devices comprising:

a light source disposed on a first side of the fluidic
channel, configured to emit light; and

a light detector disposed on a second, opposite side of
the fluidic channel, configured to receive light emit-
ted by the light source;

wherein a bubble injected in the fluidic channel 1s con-

figured to trigger each of two light-transmission detect-
ing devices, such that a tflow rate of the fluidic channel
1s determined by measuring a triggering time diflerence
between the two light-transmaission detecting devices.
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