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cloud computing n.
Leveraging 3rd party computing
capability over the network to cut
costs, increase scale, improve
agility, and access best practices
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CMD17 adtc [31:0] data R1 READ_SINGLE_BL Reads a block of the size selected by
address OCK the SET_BLOCKLEN command.**
V doax
Bit position [47] [46] [45:40] [39:8] [7:1] [0]
Width (bits) 1 1 6 32 7 1
Value 1o 1 P P P T’
Description start bit transmission bit command index argument CRC7 end bit
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CMD index SPlmode Argument Resp Abbreviation Command description
CMDO Yes None R1 GO _IDLE_STATE  resets the MultimediaCard
CMD1 Yes None R1 SEND_OP_COND  Activates the card,s initialization
process
CMD17 Yes [31:0] data R1 READ SINGLE_  reads a block of thr size selected by
address BLOCK the SET_BLOCKLEN command.™
CMD24 Yes [31:0] data R1b™ WRITE_BLOCK writes a block of the size selected bye
address the SET_BLOCKLEN command.™
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s Data Read
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Data Response
The meaning of the status bits 1s defined as follows:

‘010° - Data accepted.
‘101" - Data rejected due to a CRC error.
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Sregfile = “m32def.dat” C Ced
Scrystal = 12000000

Config Spi = Hard , Interrupt = Off , Data Order = Msb , Master
=Yes,

Polarity = Low , Phase = 0, Clockrate =4 , Noss = 0

Config Portb.3 = Output

Cs Alias Portb.3

Declare Sub TrigerMMC

Declare Sub WriteMMC

Declare Sub ReadMMC

Dim Command As Byte , Response As Byte , Address As Long
, T As Byte

Dim K As Byte , Writes As Byte , Repeat As Word , Reads(512)
As Byte

Cls

Spiinit

[TrigerMMC

\WriteMMC

ReadMMC

Cls: T=1

Do’
Locate 1, 1: Lcd Hex(reads(t)) ‘ 2 “wud
Incr T

\Wait 1

Loop’
End C 3 Cwd

Sub TrigerMMC

Set Cs

Command = &HFF

For K=1To 10

Spiout Command , 1

Next K

Response = &HFF

Reset Cs

Command = &H40

Spiout Command , 1

Address = 0

Spiout Address , 4

Command = &H95

Spiout Command , 1

\While Response <> &HO01

Spiin Response , 1

\Wend

Locate 1, 1 : Lcd Hex(response)
Set Cs

\Waitms 50

Command = &HFF

\While Response <> &H00

Set Cs

Spiout Command , 1

Spiout Command , 1

Reset Cs

Command = &H41

Spiout Command , 1

Address = 0

Spiout Address , 4

Command = &HFF

Spiout Command , 1

Spiout Command , 1

Spiin Response , 1

\Wend

Locate 2, 1 : Lcd Hex(response)
Return
End Sub’
Sub WriteMMC  © 4 <.
Set Cs

Command = &HFF

Spiout Command , 1
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Reset Cs

Command = &H58
Spiout Command , 1
Address = &HOO0

Spiout Address , 4
Command = &HFF
Spiout Command , 1
Spiin Response , 1
\While Response <> 0
Spiin Response , 1
\Wend

Command = &HFF
Spiout Command , 1
Command = &HFE
Spiout Command , 1
For Repeat = 1 To 512
Spiout Writes , 1

Locate 1, 1 : Lcd Writes
Incr Writes

Next Repeat

Spiin Response , 1
Spiin Response , 1
Locate 1, 10 : Lcd Hex(response)
Spiin Response , 1
\While Response =0
Spiin Response , 1
\Wend

Locate 2, 10 : Lcd Hex(response)
Return

End Sub’
Sub ReadMMC

Set Cs

Command = &HFF
Spiout Command , 1
Reset Cs

Command = &H51
Spiout Command , 1
Address = &HOO0
Spiout Address , 4
Command = &HFF
Spiout Command , 1
Spiin Response , 1
\While Response <> 0
Spiin Response , 1
\Wend

\While Response <> &HFE

Spiin Response , 1

\Wend

For Repeat = 1 To 512

Spiin Response , 1
Reads(repeat) = Response
Locate 2, 1 : Lcd Reads(repeat)
Next |

Set Cs

Return

end Sub

C 5 i

s Ugiies MMC &8 ol pggie ol

140l (@) Caomd Dlxudgs

Reset I, CS lawl Data Read Jgsz Gub o9 mlw ol 1o
Resetl)CSWm:w)éuﬁFF ol K g oS (e
Jw,l I, CMDI17 x MMC I 0xlgs yeiws 9 S s

oS

T
010001
Eapi S 1Y s

Gl ¥ dgazr 4 azg b ouilon by )8 5L Fuly Guas
o8 o)l g Ko Sl amail (o R sul CMDI g
29 g Reset <> 51 b

3s30 o2l b QO0H) 15l Lao R gl b o ol 3 ol ol
ples G oS o (oo » While Wend s ail> s 1)
b by 8 (8 o3 While s aal> G o 1) ol ygiws ¢l
[ dal> ol 9,50 0ais Lao R1 s oais a0 Ko o) oS
o 51 5 2 s Ky ) €Sl o 405 a1,
o 9,5 9 398 (o yao RI Jlaie cdbo ol joal 7)1 Reset
(D) o 30,5 (50 @) 390 (0 gl 4l

el (Fy Cond Olusgs

%0 SET |, CS luzl Data write Jsao Gb 059 ol ! )
) CS g (5055F 95T bghs)piinn s oo FF ol S s
055 0 Jlo)l HICMD24) (ig5 y9nm3 9 oS 0 Reset

LI
=39 Sy CHD23

HOST

($AosY sla L)
leqd.gmsfo)?bT)ol)QLc)LHmM,éuAdfé,lgU»).)T.ug
o5 on Jlsl Bl F g o 5 00l3 L3 T Usar 53 OlegS T
bghs) s 5 ki 53 00H 1) 6,53 Joua ol 4l ol 5o
O 9 i d o0 FF ol B dsan b o Sl am (V- 454
Al o 2l 3 MMC &5 by 8" o 2l s )6 511 gy
gl Olea CARD RESPONSE by ¥ Jgas b i b (0
251 5)ge ol a8 sil atils jao s laae b asasl e R1
éauliﬁaélﬂ).\)‘l):.!.[v.:i{@w)ﬁWhile,Wendéi&l&;{i
as” Data Block o BIRCHPIPNCE JPY 3 SR SN PRESE A
»l» Data Sheet ,5 0T ,luie 5 23L o Data Token olea
<, Data Token osbiw b 5l aa puin b o0 |, <ol FEH
)3 09z 9 39 0 ledMbl Block X, il ,s s 03l MMC
OVY b G ol el 0VY Sob o laie 58 Gy I
FOR (s ail> < b 1, I8 gl o8’ Jlos)) MMC &, s b
L OVY ails ol giey (AD b AY bshis)puas oo plosl NEXT
MMC 4 |, oledbl col LS LU a5 9 590 (o0 1S
ngo)pbpg|p@6§kg)m&b&b);m56nJL~)|

298 o0 Jl)l MMC 4 95,8 0 )18 WRITES i 55
& <db s ol 5, F.Data response Jgaz g aow
Lsme&.)ﬂ.[,:;funw)ﬂl)statuSg;Laa,.fwg,r,.:;{
g Oldee a5 ol ol gre 4 2L axils |, Status 010
4{["'5‘;{@‘;"5[‘1)3 I, Busy of ;I an ol ol plsl o
ol 4 il jho gl ool Jlie ST .05l sao cal Jlake sl
o el s 6lpatl o Jgiie MMC a5 ol ins
)bj.adfs'.l.n)ngP.:.aa@)l)BWhile64.&1»;{.1)“)9)&:.»
gl onl &l Game 43 il (0 Ao 5 5 Sin il ko Busy
& ool 9 39 o g il 519 Ken asl 4zl |y o i )lotie

www.ECA.ir



H 95 g 50 LMMCHLS

A8 o MMC 5l

Sy MMC 5 isgs 9 05lgs s 4 56 s a5 jahilea
lsis MMC 511 Sl 0 bl Lo 55 bl 53 g ol S5l
ot sl gl OVY Ssly ya ylake (b 5 i b > 052 9
L|))K;,I,Pg|,;'uMMC)I|)cALa\Y Oy raKz.m b b
OV dil> opl g eaas (0 plsl FOR NEXT (s ail>
239 plgs e MMOC I ol Gl Ll sa 50 9 sguie 1S
R < 1,3 Reads sl al,T rie 09)s

s obgS,T s 1, F,.:.J,::u m.ml,p o & Sob sl e
.ug.c,wl()OHJ,lgu»)ﬂla;_ll);dfw)égogr,@o@
dx 9 peiw 3 o0 FF b G Data Read Jyas b o
S b o)l el cunsg g S (0 il S ST Rl
asls g2y lbs S oS o S5 WhileWend ¢ ail>
s9b 0 g Ao Sl 9 K il Jho gl Jlake gm sl
Ax 9 peiw 3 o0 FF ol G Data Read Jyaz b o
S M a5 jehilea muiS (0 by ) I, Data Token

|) )lJJLA U‘ll J..:'Lv Q)l{g cwl FE ).’l).; Data Token )IJJM EW
MMC ¢ Lo) eu.o
http://miladelectronic.vcp.ir MM.Sey,5 .ulf.xmi ¥

ob)f." <l o o, 51, FE )|J§A4§@U)U9)§:AL5~&'{P¢.5
uJu|9.>M&gﬁbg)iyadbuﬂ)ég.)}&@c)l}%ﬂs;

TIAR Embedded Workbench Collection 2010
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® JAR SYSTEM Collection IAR Embedded Workbench for Atmel AVR v5. 40

® AR Embedded Workbench for 8051 - V7.51A ., D Qi
® |AR Embedded Workbench for ARM v5.41 LN Wiy EE it
® IAR Embedded Workbench for M16C & R8C v3.40 sedp

® JAR Embedded Workbench for PICmicro v2.21A
® JAR PowerPac for ARM v2.31 Base edition

® JAR PowerPac for ARM v2.31 TCP/IP

® JAR PowerPac for ARM v2.31 USB Device
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FPGA @ 7seg Jlail 0 g2

reg [15:0] count=16’h0000;

always @(posedge clk) count=count+16’h0001;
//multiplexing

assign digit_select[0]=~(count<=16’h5555);

assign digit_select[1]=~(
assign digit_select[2]=~(count>=

'hAAAA);

’h5555<count && count<16’hAAAA);
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wire [11:0] digit;
counter_3 counter(over,digit);
reg [3:0] seven_seg_mp;
always @(*)
case (digit_select)
'b110: seven_seg_mp=digit[3:0];
'b101: seven_seg_mp=digit[7:4];
'b011: seven_seg_mp=digit[11:8];
endcase
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module counter_3(clkin, dgit3_count);
input clkin;

output [11:0] dgit3_count;
reg [11:0] dgit3_count=
always @(posedge clkin)
dgit3_count=dgit3_count+

lendmodule

'd000;

’d001;
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module seven_seg_3digit_counter(clk, segx, digit_select);
input clk;
output [7:0] segx; //includes segA, segB, segC, segD,

segE, segF, segG, segDP.

output [2:0] digit_select; //7seg select lines
reg [15:0] count=16’h0000;
always @(posedge clk) count=count+16’h0001;
wire over=&count; //used as counter clock!
/Imultiplexing
assign digit_select[0]=~(count<=16’'h5555);
assign digit_select[1]=~(16'h5555<count &&
count<16’hAAAA);
assign digit_select[2]=~(count>=16'hAAAA);

wire [11:0] digit;
counter_3 counter(over,digit); //instantiating counter module

reg [3:0] seven_seg_mp; //the digit must be shown on cor-
responding 7seg
always @(*)

case (digit_select)

3'b110: seven_seg_mp=digit[3:0];

3'b101: seven_seg_mp=digit[7:4];

3'b011: seven_seg_mp=digit[11:8];

endcase
reg [7:0] SevenSeg;
always @(*) //hexto 7seg encoding
case(seven_seg_mp)

4’h0: SevenSeg = 8'b11111100;

4’h1: SevenSeg = 8'b01100000;

4’h2: SevenSeg = 8'b11011010;

4’h3: SevenSeg = 8'b11110010;

4’h4: SevenSeg = 8'b01100110;

4’h5: SevenSeg = 8'b10110110;

4’h6: SevenSeg = 8'b10111110;

4’h7: SevenSeg = 8'b11100000;

4’h8: SevenSeg = 8'b11111110;

4’h9: SevenSeg = 8'b11110110;

4’hA: SevenSeg = 8'b11101110;

4’hB: SevenSeg = 8'h3E;

4’hC: SevenSeg = 8'b10011100;

4’hD: SevenSeg = 8'b01111010;

4’hE: SevenSeg = 8'b10011110;

4’hF: SevenSeg = 8'b10001110;

default: SevenSeg = 8’b00000000;

endcase
assign segx=SevenSeg;
lendmodule
module counter_3(clkin, dgit3_count);
input clkin;
output [11:0] dgit3_count;
reg [11:0] dgit3_count=12"d000;
always @(posedge clkin)
dgit3_count=dgit3_count+12’d001;

FPGA & 7seg Jlail o g

case(seven_seg_mp)
4’h0: SevenSeg = 8'b11111100;
4’h1: SevenSeg = 8'b01100000;
4’h2: SevenSeg = 8'b11011010;
4’h3: SevenSeg = 8'b11110010;
4’h4: SevenSeg = 8'b01100110;
4’h5: SevenSeg = 8'b10110110;
4’h6: SevenSeg = 8'b10111110;
4’h7: SevenSeg = 8'b11100000;
4’h8: SevenSeg = 8'b11111110;
4’h9: SevenSeg = 8'b11110110;
4’hA: SevenSeg = 8'b11101110;
4’hB: SevenSeg = 8'h3E;
4’hC: SevenSeg = 8'b10011100;
4’hD: SevenSeg = 8'b01111010;
4’hE: SevenSeg = 8'b10011110;
4’hF: SevenSeg = 8’b10001110;
default: SevenSeg = 8’0b00000000;
endcase

assign segx=SevenSeg;

endmodule
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* General information

* Accessories (holder, cable, mounting system)
* Optics

* Power supply & controller/dimmer

* Sensors (ambient light sensor, RGB sensor)

* Thermal: information & products

* Tools (calculation, measure)

» Manufacturers

* Suppliers

* Catalogues

LED drivers

» General information

» Boost drivers

» Buck drivers

* Charge pump drivers
 Constant current drivers
» Multi-topology drivers
 Other
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LED lamps

* Through-hole LED

* SMT/PLCC/high power LED
* LED Modules

* Invisible: IR & UV LED

* LED lamps: bulbs, neon

* LED lighting
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5V Vee 5V Vee _ R —
Is Vo higher than V, 7 v 5TTL |5CMOS|3LVTTL [25CMOS|18CMOS
IsVo less than 'V, ?
4V44 Vou 5TTL Yes No Yes™ Yes* | Yes®
> ’ 5CMOS Yes Yes Yes® Yes® | Yes"
SLVTTL Yes No Yes Yes® | Yes"
3V5 Vi 25CMOS| Yes | No | Yes | Yes |Yes'
18CMOS No No No No Yes
3v3 Vee * Requires Vi Tolerance
2v4 Vou 2V5 Vi V4 Vou 2V5 Vee
2v3 Vou 1v8 Vee
2V0 Vin 2V0 Viy
2V0 Vi
1V5 vV V5 Vi 1V5 Vi V2 Vou
V17 Vi
1V2 V; oV v
ov7 Vi
0v8 Vi . ; L Vi oV v,
0v4 VoL ot V4 VoL 0v45 VoL
0v2 VoL
0 GND 0 GND 0 GND 0 GND 0 GND
5-VTTL 5-V CMOS 3.3-VLVTTL 2.5-V CMOS 1.8-V CMOS
Standard TTL, ABT, Rail-to-Rail 5V LVT, LVC, AUC, AVC, AUC, AVC,
AHCT, HCT, ACT, Bipolar HC, AHC, AC ALVC, LV, ALVT ALVC, LVC, ALVT ALVC, LVC

295 Glp Sl slie 5l obs (29,5 Gl JBlas uslie 51 Bl 5 g Oolis aulae plKia 4 LS A2 ) (29,5 9 3909 pobe — O JKE
jl.:.]g U‘ﬁl Le as s el Bl vy «° da:ﬁ |) YL: S239.9 ng a5 Ls:lm IC 6')" Lass S99 dg.)o. PRI L: (R Lg)l..\f ceodle L_g)lf)l.w . .x,_..S olazl P,.{
(pos G IC & by o sl il 4 1S £92) 594 (o GbI” Vin tolerance”

www.ECA.ir




9LQIC03W9LQICO¢3QYLAE|4§W|O{|)§33W
e il 3L Ole jea aiil oligS (Kan 3> b b 2o bayme
Jisl byhs Olyie 4 SYsb blsl bhs 05,5 slaals 5 Slac
I, overshoot 5 Lulal Jud 5l ola sions . uls (0 G900
et S U8 olenl sl jeiug 5l s Sl eslawl b Olgs (0
& 03d o3 Sl S sl shie 4 5905 bl crosstalk

W95 Olgic 4 Ts)m o 03l Olis ,uolie a5 il asils a>g

j'uabksluwkslﬂd,w|)ﬁ.qgwlzxram4g.mlg@
Sl ol ol Guizea S eslaw] cuwdlos Hs d92ge uolke
Ob,> 9 @ilsloly Ob,> 4 by e (5 0ad 48,3 b ,5 ,uolie

Sl 5,0, Jgss Sl
A5 se 5 1 o0 0l s g5 b 5o b lad
a5 e ogS L3S SW ol oo WL e 39,9 uas Yl
sl a8 ciis (ESD) (Soliwly il 6 adss 51l (Sos

Eamily

ABTIE

ACIACT

SN74 ABT H16 2 244 A DGG R
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ALVC Military (54) Package Type

ALVT Commercial (T4) D,DW = S0IC

A3 DE, DL = SS0F

AUC - DEE,DGV =TVSOP

AVC DCT, DCU =TSSOP

BCT Speclal Feature g Function DBV, DCK = SOT
CEBTILVICE3x  Blank = No special features 00 DGG, PW =TSSOP

CD4000 C = Configurable V¢ 174 FK=LCCC

F D = Level Shifting Diode 244 FN =FLCC

FE H = Bus Hold GE = CPGA

FCT K = Undershoot Clamp GKE, GKF =LFBGA

GTL R = Damping Resistor on GOL =VFBGA

GTLP Inputs/Outputs HFF, HS, HT, HV = CQFP
HCIHCT & = Schotiky Clamping Diodes J,JT = CDIP

HSTL Z = Power Up 3 State N, NP, NT = PDIP

Ls . FAG, PAH, FCA, PCB,

v Bit Width PM, PN, PZ = TQFP
LvC Blank = Gates, MSI, and Octals PH, PQ, RC = QFP

T 1G = Single Gate Options —f— RGY, RGQ = QFN

S 2G = Dual Gate Blank = No Options W, WA, WD = CFP

SETL 3G =Triple Gate 2 = Series Damping YEA,YEP, YZA,YZP = DSBGA
SETV 8 = Octal IEEE 1149 (JTAG) Resistor on Qutputs

TTL 16 =Widebus™ (16, 8, and 20) 3 = Level Shifter = Device revision
VG 18 =Widebus IEEE 1149.1 (JTAG) 4 = Level Shifter Elank = No Revision
VYME 32 = Widebus+™ (32 and 36 bit) 25 = 251} Line Driver Letter Designator A-Z
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TAV @ . : - - = - - -
AUC|  CHMOs CMOs | cmos B 2 0.0l ] — — - - - — ~ -
15V
- - = T
AN CHOS CMO5 CMOS [] ] 0.04 Fl E :E M il JB il
I3V — -
ALVT | BICMOS CMO5 L¥TTL 14 & 45 3.5 E :l;rT i iy Ll Ll i
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AM
AT

cD
CL

DG
D5
(3]
ED
EL
EP
EPC
EPF
EPM
HA
HAT
HD
Hi

Analog Devices
Advanced Micro Devices
Armel

Benchmarg

RCA {analog)

RCA (digital)
CComlinear Corp.
Crystal Semiconductor
Cherry Semiconductor
Cypress Semiconductor
Siliconix

Dallas Semiconductor
Mational Semiconductor (digital)
IElectronic Designs Inc, EDI
Elantec

Altera (Classic series)
Altera (EPROM)

Altera (Flex series)
Altera (MAX series)
Hitachi (analog)

Hitachi

Hitachi {digital)

Harris

HM
IDT

IRF
IP

LM

™
MACH
MAX
MB
MC
MN
MDS
ME

Pl

PM
PWHM
qL
Q5l

54,

5D

SE

5G

Harris Microwave
Integrated Devices Technology,
IDT

International Rectifier
Integrated Power
MNational

Mitsubishi

Wantis (MACH, PLD)
Maxim

Fuijitsu

Motorola

Micro Metworks
Mational Semiconductor
Signetics

Pericom

PMI ‘Analog Devices’
Siliconix

Quick Logic

Quality Semiconductor
Signetics

5G5S Thomson
Signetics

Silcon General

sI
SN
SN

SPT

S5D
su
SY
TA
TC
TD
TL

TMS
xR
uA

uC

D

O w55 sla pb gl solass] oldle — ¥ Jya

Siliconix

Texas Instruments, T (Standard)
Texas Instruments, T1 (MILAQML
Qualified)

Signal Processing Technologies.
SPT

Samsung Electronics

Signetics

Synergy Semiconductor
Toshiba

Toshiba

Pro-Electronics

Texas Instrurnents (analog, Lin-
ear)

Texas Instruments

Kicar

Kiliree

Exar Corp.

Fairchild

Unitrode integrated circuits
Zilog

Zelvex
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Single Controller .¥
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HIGHLY LINEAR, ULTRA SENSITIVE BIO-MEMS FORCE SENSORS
WITH LARGE FORCE MEASUREMENT RANGE

ABSTRACT

We have designed, fabricated, and characterized a
set of displacement based micromechanical force
sensors. These sensors combine high force resolu-
tion (50-500 pN) with large force measurement
range (100 nN- 1 puN) and have highly linear for-
cedisplacement characteristics. In addition, we have
established a novel scheme to avoid capillary forces
during the immersion and removal of these sensors
from aqueous environments that make them highly
suitable for biological studies. As a demonstration of
mtheir versatility, these sensors are used to measure
the mechanical response of embryonic Drosophila
(fruit fly) axons in vivo.

INTRODUCTION

In recent years, advances in instrumentation have
led to remarkable progress in our understanding of
cell mechanotransduction [1]. Several studies have
unambiguously established that living cells respond
to mechanical stimuli from their micro environment
respond both mechanically and biochemically [2].
The most common techniques used to study single
cell mechanical response are atomic force micros-
copy, magnetic twisting cytometry, micropipette
aspiration, optical trapping and optical stretching
[3]. These techniques usually study cell response
to small deformations (1-2 um) or have small force
measurement range (~1 nN). But large cell deforma-
tions are physiologically relevant and to study cell
response in such cases a new set of microfabricated
sensors were developed [4]. These micromechanical
force sensors used a system of thin flexible beams
to measure forces up to 1 uN. However, these sen-
sors used a complex fabrication procedure and had
limited force resolution (~ 1 nN) and linear range.

Here, we present a new class of displacement based
micromechanical force sensors that combine high
force resolution with large force measurement
range. In addition, these sensors have a highly linear
forcedisplacement response and are fabricated by a
simple two mask process that significantly reduces
the number and complexity of processing steps.

Furthermore, we have developed a simple scheme
to avoid capillary forces during the immersion and
removal of these sensors from aqueous environ-
ments that make them highly suitable for biological
studies.

FORCE SENSOR DESIGN

The force sensors comprise of a system of identical
flexible beams attached to a rigid probe and a fixed
beam that serves as a reference for displacement
measurement (Fig. 1). The principle of operation of
the force sensor is as follows. When subjected to an
external force, the beams deform and their total de-
flection is found by optically measuring the relative
displacement of the probe with respect to the fixed
reference beam. The external force is then given by
the total deflection of the beams multiplied by their
combined stiffness. The combined stiffness of the
beams is calculated from their geometry and inde-
pendently verified by calibration.

As evident from Fig. 1, the basic repeating element
of the force sensor is a frame, which is comprised
of two flexible beams connected at their ends by
a thick, rigid bar. The frame structure was chosen
because it substantially increases the in-plane ro-
tational stiffness of the force sensor. This ensures
that the probe deflects only along the x axis and the
structural integrity of the sensor is maintained. The
advantage of using the frame structure can be under-
stood by omparing the rotation of a single beam and
a frame when they are subjected to a moment M.
The rotation of a single beam is given by

0s = ML/EI (1)

The corresponding rotation for the frame is

0f = ML2E(I+1*) (2)

Here, E = 170 GPa is the Young’s modulus of sili-
con, I = hb3/12 and I* = bhs2/4. h, b, and L are the
depth, width and length of the beams whereas s is the
distance between beams in a frame. In our force sen-
sors, s~10b and therefore the rotation of the frame is
about 600 times lower than that of single beam. The
typical dimension of the beams in the force sensors
are h=30-40 um, b =2-4 um, L =2-3 mm, while the
number of frames (N) is around 20.
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Figure 1: Schematic of the force sensor. Because of the frame
design, the force sensor deflects only along the x direction.

In the force sensors, the frames are connected togeth-
er in series. Therefore their combined stiffness in the
x direction is 1/N times the stiffness of each frame.
As a result, the force sensor can have high sensitiv-
ity even if the stiffness of the individual frames is
not very low. In addition, the sensitivity and range of
the force sensors can be altered simply by varying N
without changing the dimensions of the beams that
comprise the force sensor. More nimportantly, this
design leads to a highly linear forcedisplacement re-
lationship for the sensor (Fig. 2). This is so because
even when the overall deflection (9) is large, the de-
flection of individual beams is still small (6/N) and
hence non linear effects are negligible.
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Figure 2: Force-deflection characteristics of a force sensor (k
= 4.8nN/um) showing the linearity of the response over a large
range of deformation (~150um). A displacement resolution of
100nm leads to a force resolution of ~500pN.

Force (nN)
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FABRICATION PROCESS

The MEMS force sensors are fabricated from 150
um thick (100) oriented silicon wafers using a sim-
ple two mask process. Before processing, the silicon
wafer is cleaned thoroughly to get rid of any particles
on the surface. In the first step, photoresist is spun on
both sides of the wafer and patterned by photolithog-
raphy. The top and bottom patterns are identical ex-
cept that the bottom pattern does not have the force
sensing beams. In the next step, the wafer is etched
from the bottom side using ICP-DRIE (Inductively
Coupled Plasma — Deep Reactive lon Etching) to a
depth of about 120 um. After this the photoresist on
the bottom side is removed by oxygen plasma and a
thin layer of aluminum (~50 nm) is sputter deposited
on it. In the next step, the wafer is etched from the
top side using ICP-DRIE until the aluminum layer
is reached, in the process creating the force sens-
ing beams. Finally, the photoresist on the top side
is removed by oxygen plasma. The aluminum layer
performs a two-fold function. It prevents damage to
the force sensing beams during venting in the ICP-
DRIE process. In addition, the aluminum layer pre-
vents damage from capillary forces when the force
sensor is initially immersed into liquid. A scanning
electron microscopy (SEM) image of the force sen-
sor is shown in Fig. 3.

Figure 3: SEM image of a force sensor containing 18 frames
in series (N=18). For the in vivo experiments on Drosophila
embryos, trapezoidal trenches were cut into the probe using
focused ion beam milling to enable easy gripping of the axons.

SCHEME TO AVOID CAPILLARY FORCES

A major impediment to the use of micromechani-



cal force sensors in biological applications is the
damage caused by capillary forces during their im-
mersion and removal from aqueous environments.
The capillary forces arise because the meniscus that
forms between the water surface and the force sen-
sor needs to be broken for the sensor to be immersed
or removed from water. We have established a novel
scheme to avoid damage to the force sensors from
capillary forces.

First, the bottom side of the force sensor, with the
aluminum film (see Fig. 3) still intact, is glued to a
150 um thick glass slide (5 mm by 7 mm). The glass
slide with the sensor is then and immersed into a
beaker containing a diluted solution of AZ 327-MIF
developer. During the immersion, the aluminum
film protects the beams against damage from capil-
lary forces. Once the sensor is immersed, the devel-
oper etches the aluminum film slowly, in the process
releasing the flexible beams. Then the developer is
replaced with water by repeated dilution while en-
suring that the sensor remains wetted at all times.
When the glass slide is removed from the beaker it
retains a droplet of water due to the increased hydro-
philicity contributed by the sensor die. Therefore,
the sensor remains inundated and is not exposed to
the capillary meniscus. When the glass slide is im-
mersed into another aqueous solution for biological
experiments, the solution first contacts the water
droplet keeping the sensor inundated. Therefore, the
sensor is not exposed to the capillary meniscus ei-
ther during its immersion or removal from water and
thus avoids structural damage from capillary forces.

IN VIVO MECHANICAL RESPONSE OF
DROSOPHILA AXONS

Recent experiments have shown that mechanical
tension is necessary for accumulation of neurotrans-
mitters in the presynaptic terminal of Drosophila ax-
ons [5]. To understand the mechanics of this tension
regulation, we used the force sensors to study the in
vivo mechanical response of embryonic Drosophila
axons

The probes of the force sensors were specially mod-
ified for these experiments. Before releasing the
beams, a trapezoidal trench was made in the probe
(Fig. 3) using focused ion beam milling to enable
easy gripping of the axons. The procedure described
in the previous section was then used to release the
force sensing beams and the sensor was mounted on
a 3 axis Piezo stage to apply deformation on the ax-
ons. Figure 4 shows the force sensor being used to

apply large deformation (~50 pm) on an axon while
measuring sub nN forces. The relaxation of the force
in the axon with time is shown in Fig. 4c.

CONCLUSIONS

We have designed, fabricated and calibrated highly
sensitive micromechanical force sensors with large
force measurement range. A novel scheme has been
established to avoid capillary forces during the im-
mersion and removal of these sensors from aque-
ous environments to enable their use in biological
studies. As a demonstration of their capability and
versatility, these force sensors were used to measure
sub nN forces in Drosophila axons subjected to large
deformation (~50 pm) in vivo.
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Figure 4: a) Fluorescence image of the Drosophila nervous sys-

tem showing the CNS (central nervous system) and axons. b)
Optical image of the force sensor deforming an axon. c¢) Force
relaxation in an axon measured using a sensor with a stiffness of
~0.5 nN/pum.
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