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ABSTRACT

A grid of fifty dielectric sensors is embedded in mold walls to monitor the Resin
Transfer Molding (RTM) process. The capacitance of each sensor increases as resin
occupies the space between the upper and lower sensor plates, making it possible to
monitor mold filling. After complete mold filling, the same sensors are used to monitor the
cure level of the resin since the capacitance decreases with curing. Monitoring of mold
filling can be used as an in-situ data for a process control to prevent dry spots in the part;
and monitoring of resin cure level can be used to determine the minimum time required
before de-molding the part once the green strength and stiffness are achieved. In previous
studies, a small number of dielectric sensors were used in an entire mold cavity. As
experimentally shown in this study, these large-plate or lineal dielectric sensors may
mislead the user since a sensor measures the total fraction of the sensor’s plate area
occupied by resin but not the resin’s whereabouts on the sensor. To avoid ambiguity and
yet maintain detailed flow monitoring, a grid of smaller dielectric sensors was used in this
study. The grid was made at the projections of vertical and horizontal electrodes embedded
in the two opposite mold lids, to avoid the complexity of embedding separate sensors. The
developed sensor operation system eliminated the tedious and costly manufacturing of
conventionally shielded sensors. The success of the developed sensor system was

demonstrated in RTM experiments for several different case studies.



OZETCE

Kalip i¢cine monte edilmis 1zgara seklindeki elli dielektrik algilayici ile Regine
Tranfer Kaliplama (RTM) tiretim usulii izlenmistir. Her bir algilayicinin alt ve iist plakalart
aras1 regine ile doldukga, algilayicinin elektrik kapasitesi artmaktadir; bu sayede kalip
icindeki recine akisinin izlenmesi miimkiin olmaktadir. Kalip tamamen dolduktan sonra,
ayni algilayicilar recinenin kiirlesme seviyesinin izlenmesinde kullanilirlar, ¢iinkii kiir
seviyesi arttikga reginenin elektrik kapasitesi diismektedir. Regine akisinin izlenmesi,
tiretim usuliiniin kontrolinde gercek zamanli veri olarak kullanilir; kiir seviyesinin
izlenmesi de kompozit parcanin yeterli mukavemet ve biikiilmezlik degerlerine eristikten
sonra kalibin ne zaman agilarak parcanin ¢ikartilmasina karar vermek i¢in kullanilir. Daha
onceki calismalarda, az sayida dielektrik algilayicis1 tim kalip ig¢inin izlenmesinde
kullanilmistir. Bu ¢alismada deneysel olarak gdsterilmistir ki, genis plakali ya da dogrusal
dielektrik algilayicilar1 kullaniciyr yanlis yonlendirebilir, ¢linkii bir algilayict ancak yiizey
alaninin ne kadarmin regine ile kaplandigini 6lgebilir, recinenin kalip icinde nerede
oldugunu algilayamaz. Bu yanlis anlama durumunu yok etmek ve yine de yeterince detayl
akis izlenmesine olanak vermesi i¢in, bu calismada 1zgara seklindeki ufak dielektrik
algilayicilart kullanilmistir. Izgaranin olusturulmasinda, ugrastirict bir usul olan her bir
algilayicinin tek tek kaliba monte edilmesi yerine, dikey ve yatay elektrotlar kalibin
karsilikli iki plakasina yerlestirilmistir. Gelistirilen algilayici ¢alistirma sistemi sayesinde,
ugrastirict ve masrafli konvensiyonel yalitilmis algilayici liretimine gerek kalmamustir.
Bazi RTM deneylerinde kullanilarak, gelistirilen algilayici sisteminin  basarisi

gosterilmistir.
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Chapter 1

INTRODUCTION

1.1 Resin Transfer Molding (RTM) Process

RTM is commonly used to manufacture advanced composite materials with a high fiber
content and a good surface finish. In this process, a fabric preform is placed in a mold
cavity and thermoset resin is injected into the mold to fill the empty spaces between the
fibers of the fabric. After complete filling, the mold is kept closed until the resin cures to a
certain level so that enough strength and rigidity of the part are achieved. Complete mold
filling may not be repeatable due to the variations in the fabric preform preparation
(cutting, stacking and placement) and variation in the fabric compaction and nesting. Since
these variations affect the permeability distribution of the fabric preform, the resin flow
pattern may significantly deviate from the originally designed pattern, and hence macro
size voids (dry spots) may remain in the part. To avoid this problem, resin flow should be
monitored using sensors as a part of the process control. If the resin propagates
unexpectedly, injection parameters (such as injection and ventilation locations, resin
pressure or flow rate) can be changed with a control scheme to correct the flow pattern
[1,2].
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Besides being used for monitoring mold filling, the sensors are also used for monitoring
the resin cure level. This is needed to determine the optimal de-molding time. If the mold is
opened too early, the part may not gain its green strength and stiffness and it may warp or
deform [3]. On the other hand, if the mold is opened too late, the manufacturing cycle time

will be unnecessarily long.

1.2 Previous Sensor Systems for Flow and Cure Monitoring

Various monitoring systems have been developed in the literature. Commonly used
sensor types are point and lineal resistive (a.k.a. voltage) [4-6], SMARTweave [7-9],
ultrasonic [10,11], fiberoptic [12,13], temperature [14], pressure [15], electric time-domain
reflectometry (E-TDR) [16,17] and dielectric [15,18-26] sensors.

Resistive sensors [4-6] use either point or lineal conductor probes to detect arrival and
curing of the resin. When the resin reaches the sensor, electrical resistance between the
probes decreases significantly. This results in an increase in the voltage across the probes
which can be measured from a DAQ system. Moreover, the resistance of the resin increases
as it cures and therefore allows the level of curing to be monitored. However, the resistance
of typical RTM resin between the probes is in the order of hundreds of MegaOhms
corresponding to a typical probe size. Thus, the voltage change upon the resin arrival can
be so low that electrical noise caused by other equipments can interfere with the

measurements.

SMARTweave [7-9] uses an approach similar to the resistive sensors, except that the
probes are the junctions of a grid of conductive wires separated by nonconductive dry



Chapter 1: Introduction 3

fabric layers. The conductivity between a pair of orthogonal wires increases when resin
reaches that junction, and consequently resin filled sections can be monitored. Nonetheless,
the wires remain in the composite part after curing, which reduces the overall strength due
to stress concentration; and a new wire set must be prepared again for the next part, which

IS time-consuming.

Ultrasonic sensors [10,11] detect sound waves generated by an impulse generator on the
opposite side of the mold. With varying media, the speed and damping of the sound
changes, and consequently resin inside the mold can be detected by using the phase and the
magnitude change of the reflected sound wave. The arrival of the resin at a sensor will
cause a significant decrease in the travel time of the impulse and a further decrease as it

cures.

Fiberoptic sensors [12,13] transmit infrared light and monitor the intensity of the light
at the opposite end of the sensors. As resin reaches the sensor, the light starts to refract and
the monitored intensity decreases. However, the optical properties of the resin change so
slightly with curing, that it is difficult to observe.

Temperature sensors (thermocouples) [14] measure the temperature of the mold cavity
which changes due to (i) the arrival of the resin to a sensor if the inlet resin is either cooler
or hotter than the mold walls, and/or (ii) the exothermic reaction which occurs with resin
curing. However, the response rate and accuracy of these sensors depend on the thermal
properties of the mold material and the resin, temperature difference between the inlet resin

and the mold walls, and the flow rate [11].
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Pressure sensors [15] can be used for flow monitoring but not for curing. As the resin
reaches a sensor location the pressure at that point rises to the fluid pressure plus the initial

static compaction pressure.

Electric time-domain reflectometry (E-TDR) method is used to measure the wetted
regions of sensor wire by applying high speed pulses to the wire and recording the
reflection signals [16,17]. The reflections change as the impedance of the sensing medium
changes during the RTM or VARTM process. This method is capable of sensing multiple
and separate wetted regions so that multiple flow fronts can be monitored. In [16], resin
covered regions were measured with an accuracy of +/-30 mm for sensor lengths up to 1 m.
A newer algorithm was used in [17] to improve the accuracy to +/-7 mm, however online
processing had not been done due to long processing time (in the order of minutes).
Moreover, this technique requires costly high speed equipment since reflections occur in

the order of nanoseconds.

Dielectric sensors [13,18-26] measure the capacitance of the media between the sensor
plates. In the literature, two types of sensing plates have been used: (1) parallel-plate
sensors placed on both sides of a mold [18,19]; and (2) co-planar sensors (fringing effect
field, FEF) placed on only one side of the mold [20-23]. Besides being used in RTM, co-
planar sensors were also used in VARTM [22-23]. In Skordos’ study [24], a lineal sensor
was used to monitor mold filling by measuring the total length of the region covered with
resin on the sensor. Mounier et al. [25] used two parallel carbon fiber tows as electrodes of
a lineal dielectric sensor to measure resin flow in glass fabric preform. Three large parallel-
plate sensors were used in Hegg et al. [19] and Rowe et al. [23] to monitor three different
regions in the mold. Similar to resistance, the capacitance of resin changes as it cures which

permits monitoring of resin cure [18,20,21]. Vaidya et al. [22] used dielectric sensors for
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localized cure monitoring. Since dielectric sensors have no need for direct contact with the
resin, one side of the sensor can be placed over a nonmetallic mold lid as in [19], and with
this approach sensors do not degrade the surface finish of the manufactured part.
Nonetheless, the mold may need maintenance more often due to the nonmetallic material

used.

1.3 Objective

In the aforementioned studies, dielectric sensors have been used to monitor the fraction
of the mold cavity filled with resin. In the following section, the drawbacks of such a
monitoring approach will be discussed using several case studies. To improve the
conventional dielectric sensor system, the resolution was increased as follows: ten vertical
narrow plates were embedded in the lower mold wall and five horizontal narrow plates in
the upper mold wall, thus a grid of fifty dielectric sensors was formed. The aim was to have
more informative and detailed monitoring by using these multiple sensors, and also to
permanently embed these sensors in the mold for use in mass production. Several RTM
case studies were done to show the response rate, reliability and performance of the sensor

system on a lab-scaled mold.
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Chapter 2

DIELECTRIC SENSORS

Both resistive and dielectric sensors function by measuring the electrical properties
(resistance and capacitance, respectively) of the resin, however they have some
dissimilarity which shall be discussed in this section. The drawbacks of the resistive and
conventional dielectric sensors shall also be reviewed. A new form of the dielectric sensor
system will be proposed and then applied in an RTM mold. By using this enhanced sensor
system, monitoring of both resin flow and cure can be achieved successfully for several

case studies in Section 5.

2.1 Comparison between Resistive (Voltage) and Dielectric (Capacitive) Sensors

Durable and low-cost resistive sensors have been successfully used for flow monitoring,
and they can also be used for cure monitoring if the electrical resistivity of the resin versus
the degree of cure has already been collected in databases as mentioned in [4]. However, it
is essential that the user be cautious of potential problems with such sensors; (1) the
electrical resistivity of the resin should be much lower than that of the fabric preform; (2)
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pre-impregnated preforms may cause a false resin arrival signal; (3) the response of the
sensor is in the order of its noise level for some RTM resin systems such as polyester used
in [4] due to its very high resistivity; (4) high gain (typically in the order of hundreds) is
necessary for trouble-free flow monitoring, however this high gain results in low precision
in monitoring the degree of cure; and (5) some mold release agents and/or oxidation of
sensor plates induce additional resistance to the sensor’s circuit, thus the sensors are

required to be calibrated frequently to prevent false triggering.

Dielectric sensors are not affected (or, less affected) by the mentioned drawbacks of the

resistive sensors, which shall be further discussed later.

2.2 Theory

Dielectric means non-conducting material (insulator) in an alternating electric field.
Since the resistivity of an RTM resin is usually very high and difficult to measure,
dielectrics become a better alternative to monitor both resin flow and curing.

The parallel-plate dielectric sensor version is schematically described in Figure 1. The
two plates are separated by a distance of d, and each plate has an area of A. The plates are

connected to the electrical circuit in series. The alternating excitation voltage, v,, has an
amplitude of v,, frequency of @ and DC offset of v . Z. is the known reference

impedance of the circuit. The sensor medium (dry or wet preform) is modeled as a resistor

~ is the

sens]

and a capacitor in parallel configuration [27]. Z :[(1/R

sens

)+iwC

sens

impedance of the medium between the sensor plates. The resistance, R and the

sens
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capacitance, Cc_. of the medium are unknown and to be calculated indirectly after

sens

Input AC Voltage,

Vi, (£)=V,e @t +v,

——
-~
-~ ~

7 ~
7 N
7 Parallel-Plate Sensor N\ e S
\ - ~
\
/ N \ / \
! d \ / \ Impedance of the sensor,
L-- I C [
|\ Csens Rsens l I' \\sens_ Rsen;/ Zeens ()= !
\ — \ / +ioCsens
\ / S o PRd Rsens
\ / Semd =
\ Area, A /
N 7
N ~ - _ 7
- c Reference impedance,
ref Rref 1
Zpef (t) =
+iwCref
Rref

measuring sensor voltage, Vv

in complex form:

Ground (zero potential)

Figure 1. Electrical circuit of a dielectric sensor.

sens *

V _ Zref

sens

By using Ohm’s law, the voltage ratio is written as follows

V., Z+7Z

in ref

1)

sens
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0.80 |
5 2
0.70
= = 20
2 0.60 /,/—_ 15
> 7
; 0.50 /// 10
E Pl
E gb#—-— sens — p
0.00 -
100 1000 10000 100000 1000000

Frequency, w [Hz]

Figure 2. Frequency response of Equation (1).

Typically, the order of magnitudes of the reference capacitance and resistance should be

selected as close to the sensor values as possible. For C.; = 10 pF, R, = 1MQ and

R, =100MQ values, the frequency response was plotted in Figure 2 for a range of

expected sensor capacitance values to see the effect of the excitation frequency, @ . As seen
in the figure, the output ratio does not change above 100 kHz. Thus, Equation (1) reduces

to the following asymptotic form which is not a complex but a real number:

— C VSEI']S (2)

C ref
VvV, -V

sens
sens
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This way, C., .. can be calculated directly from Equation (2) since all the terms on the

right hand side are either known or measured. Note that the resistance terms, R, and R

sens

do not appear in this equation.

Equation (2) is valid for high frequencies only. In another extreme case, as @ goes to

zero (DC excitation), Equation (1) reduces to the following form

Vin — Vsens
ref V (3)

sens

Re =R

sens

where the system functions as a resistive sensor. So, this sensor can be used as either a
resistive or a capacitive sensor if @ is zero or infinite. In this study, » was set to 150 kHz

for capacitive measurements.

2.3 A Single Dielectric Sensor

For an infinitely long parallel-plate sensor, the capacitance can be calculated as [28]

C — sens 4
sens d ( )

where ¢_,__ is the permittivity of the medium within the plates, A is the area of each sensor

plate and d is the separation between the plates. However, for a finite sized sensor the

capacitance of the sensor deviates from Equation (4) due to the fringing effect that occurs
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at the edges of the plates where the electric field bends [28] as schematically illustrated in

Figure 3a.

Upper plate (High potential) Upper plate (High potential)
+ | +

Electric Field
- ———_
/ |

Electric Field

Lower plate (Low potential) Lower plate (Low potential)

Fringing of electric field Sensing area Shielding electrode

(a) (b)

Fiaure 3. Frinaina effect on a narallel-nlate canacitor.

2.3.1. Shielding

Besides the fringing effect, the sensor is vulnerable to the external electric field. To
eliminate both the edge and external effects, the sensor must be properly shielded by (i)
adding an electrode surrounding the sensing area and the back side of the plate; and (ii)
keeping the potential of the shielding electrode the same as the sensor [29]. Thus the

electric field will not be distorted within the entire sensing area (Figure 3b).

Shielding not only removes the fringing effect but also eliminates the interference
between the sensors. This allows the use of multiple sensors on the same mold, but it
requires an additional electrode for each sensor which occupies an additional area. This
may not be a major problem for a single sensor, but it is very tedious and costly to

manufacture a mold with multiple embedded sensors.
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2.3.2 Grounding

While using multiple sensors, a much simpler approach to avoid interference is to add a
common ground electrode for all the sensors as shown in Figure 4b instead of shielding
each sensor separately as in Figure 4a. Since typical RTM molds are made of metal,

multiple sensors can be easily grounded.

Grounding instead of shielding however, reveals the following major problems: (1) the
sensors have different potential than the ground (= zero potential), causing a non-uniform
electric field between the sensor plates and thus they may lead to incorrect measurements;
(2) the electrical circuit of the sensor shown in Figure 1 will change unexpectedly due to

the capacitance, C_ of the insulator between the sensor and the ground electrode. This
altered electrical circuit is shown in Table 1c. C,,; in Equation (2) has to be replaced with

C.; +C,(t) where C,_(t) is unknown and varying with time since it is affected by the

flowing resin.

o Sensing areas T Sensing areas
3 3 o
(] o o
> £ £
Q. S [

() ()
g |z 2

S S ®

Shieldingelectrodes —
3
- | |
s [ B \
(7 N Insulators Insulator
(a) Shielded (b) Grounded

Figure 4. (a) Shielding and (b) grounding of multiple sensors (only two are
shown for simplicity).
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2.4 Proposed Method, “Modified Grounded”

A simpler dielectric sensor system is proposed here. As illustrated in Table 1d, two
measurements are taken at each time-step: (1) in Form A (the same circuit of the

“grounded” configuration), the voltage output, V. ,is recorded; (2) in Form B, the places

of C; and C,, in the electrical circuit are switched by the DAQ system, and then Vg

sens

is recorded. The voltage output ratios for these two forms A and B are given below:

\Y/ t
Form A: s )‘ - Coens (1) (5a)
|Vin| Csens (t) + Cref + Cmold (t)
\ t
Form B: sens,B( )| _ Cref (5b)
|Vin| Csens (t) + Cref + Cmold (t)
in which C__,(t) is the unknown capacitance of the mold which varies with time. This

unknown C_ . (t) can be eliminated by combining the two equations. Thus C_, . can be
calculated in terms of the known C,; and the voltage outputs V , and V of the two

circuit forms which are measured at each time step:

Veens,a (1) Ceone (1)

Vi C t C C t Vsens t

| |n| _ sens( ) + Cref + mold( ) % Csens(t) — Cref ,A( ) (6)
Vsens B (t) ref Vsens, B (t)

Csens (t) + C + Cmold (t)

ref
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Table 1. Circuit schematics, diagrams and formulas for different dielectric configurations.

Circuit schematic Diagram Formula
@VL.
©
3
© —_
] —— Coons
= ‘Vsens‘ _ Csens
%) +— V. -
g sens ‘\/In‘ Cref + Csens
— O c
< ref ) Cref
Insulator ~ Sensing I
- area 3
@VL.
©
% Shielding
= C
3 electrode sens ‘Vsens‘ _ Csens
2 =
" Vsens ‘Vm‘ Cref + Csens
3 Buffer
B _f -
V.
@L A
8 Ground
o] electrode.  —t— C
§ Insulator LTl sens |Vsen$| _ Csens
(behavesas C ) = -
& = r Veens v |V/n| Cref +Csens ¥ Cm
L cref I Cef
Vi, Form A:
c ‘Vsens,A‘ _ Csens
< =
£ _E-='= sens ‘V,,,‘ Cref + Csens +Cm
- N W V.
o) T sens,A
'8 [N vsens,A &
< cmﬁ_ Cref C
= :]: ref Form B:
£ —
8 — — e = |Vsens,B| _ Cref
3 |Vm| Cref +Csens +Cm
n- [ p
a. -
E o S Coens ‘
g Tt Vsens,B vsens,B
o
i Co—— == C,, Crot |Vsens,A| _ Csens
Veensg| €
Vin — v, | sens,B ref
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As a summary, the benefits of using this proposed method are the followings:

« Embedded multiple sensors operated by this method will not pose major difficulty
as in the “shielded” version. The metal mold is simply connected to the ground instead of
using a separate shielding electrode for each sensor, which also requires a separate
circuitry.

* C,,. can be directly calculated, recall that the “grounded” version miscalculated

sens

C.... since Equation (2) does not represent the actual electrical circuit in which C__, (t)

sens

exists.

2.5 The Major Issue of Using a Single Dielectric Sensor

A parallel-plate dielectric sensor was made using two copper plates each with a sensing
area of 200 mm X 100 mm separated by a distance of d =5 mm. The measured voltage,

Vv_._. and the corresponding capacitance of the sensor, C__. were found to be 3.86 V and

sens sens

34.2 pF respectively when the medium of the sensor is air only. For the measurement

technique, the “shielded” configuration was used. C deviated only 3.4 % from the

sens

analytical value,

C gair Aair
d

analytical =
_ (8.85*107 F/m)[(0.200 m)(0.100 m)]

=354*10°F =354pF (7)
(0.005 m)

where ¢, is the permittivity of air taken from [30].
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Table 2. Capacitance measurement using a single large dielectric sensor.

c Sensi Sensing Area of the Dielectric Sensor Analytical Capacitance, 'V\'/e?:“red Cg"zac?;rjcde
oltage, i ,
ase enslng (all dimensions are in [mm]) Canalyicat [PF] V. [gv] cp [oF]
Study| Medium sens sensv
Slde view TOp view - ‘gairAa(r + gresinAresin (Vin=20V) :Cmf¢
d d Vo = Viens
o o 5 Air 8
A | 100%air = 35.4 3.86 34.2
200
o
200
50 % resin = o
C Y 5 |8 111.9 8.76 111.6
50 % air
100 100
25 % resin
A . o
D + 5 Air g 111.9 8.84 113.4
50 % air
v 50 100 50
25 % resin
50 % resin
+
50 % air 5 Air 8
—
E (Non-uniform 111.9 8.80 1125
channel:
Arepresentative 50 100 50
of racetracking
channel)

Next, the sensor was filled with the thermoset resin (Poliya PolipolTM 336-RTM),

V... and C___ were measured as 11.36 V and 188.3 pF respectively as tabulated in Table

sens sens

2. Equation (4) was used to calculate the permittivity of the resin used:

C _ gre sin A’e sin

sens
d

_ Cpqnd  (188.3pF)(0.005 m)
re sin A [(0200 m)(0.100 m)]

=47.08 pF/m. (8)
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Upon measuring the permittivity of the resin, it was possible to conduct three case
studies (C, D and E) in which half of the sensing area was filled with resin while the other
half with air. In C, the resin filled only the first half; in D, the resin filled the first and last
25% of the sensing area; and in (E), the resin filled a non-uniform region which represents
a resin flow affected by racetracking channels in the RTM process. As shown in Table 2,
the three measured capacitance values (111.6, 113.4 and 112.5 pF) were quantitatively

similar, and agree with the analytical value,

C — gair Adir + gresin Aresin

sens d d
*10-12 2 *107% 2
_ (885*10 Fim(@.0100m™) | (47.08*10 FMQ.0100m*) _ .\, o e oy
(0.005 m) (0.005 m)

within a maximum error of only 1.4 %. This was anticipated to be due to the experimental

errors such as inaccuracies in the resin filled areas and the separation of the plates, d .

It can be concluded that large parallel-plate dielectric sensors can measure the total
fraction of the sensor’s plate area occupied by resin but cannot detail the resin’s
whereabouts on the sensor. This characteristics of the sensor may mislead the user
particularly when an unpredicted flow pattern develops in the mold, which is likely to
occur in the RTM process. This may be the result of the process disturbances such as
racetracking channels, non-uniform fabric compaction and nesting effects. Taking into
account the drawback of a single, or a small number of, sensors in the mold as illustrated in
the previous studies, a grid of multiple (fifty) sensors was embedded in the mold walls for

an unambiguous but yet detailed monitoring.
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2.6 Comparison of the Dielectric Sensor Configurations

Instead of manufacturing and embedding fifty separate parallel-plate sensors in the
mold walls, a much simpler approach will be used here, similar to the sensor grid used by
SMARTweave. However, the feasibility of this approach was checked first by investigating
the change in the measured capacitance value when a pair of rectangular plates formed a
cross shape instead of using identical square parallel-plates. A square and a cross-shaped
dielectric sensor were made as shown in Table 3. The two rectangular plates were placed
orthogonal to each other making a cross, and separated with a distance of d =5 mm (see
Table 3). The projected area of the cross-sensor was the same as the sensing area of the
square sensor. The capacitances of the sensors were measured and averages are recorded in
all versions mentioned so far: (1) unshielded, (2) shielded, (3) grounded, (4) proposed
method, and to compare these values with (5) the analytical value. Table 3 reveals the
following: (1) the unshielded configuration gives unreliable readings for both sensors; (2)
the shielded configuration is very accurate; (3) the grounded configuration has an error of
29.5 % for the square sensor, and 29.7 % for the crossed sensor; (4) the proposed method is
very accurate for the square sensor, and has an error of 20.5 % for the cross sensor. High
error in unshielded configuration is mainly due to the external effects rather than fringing.
Measurement must be done in an environment insulated from external electric fields. This
unshielded measurement is done to show magnitude of error if it is not done properly. The
error in the proposed method is assumed to be due to the fringing effects as explained in
Figure 3 when the cross-shaped sensor is used mainly due to different plate geometries or
basically orientation. Even though the cross sensor has a significant error, it is relatively
much easier to manufacture and embed them in mold walls than embedding the shielded
sensors. As a direct consequence, in order to facilitate the study, they will be used. The

error will be reduced by measuring the capacitance ratio C_,  /C_, instead of C

sens sens
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during actual injections. As will be illustrated in the following sections, the results of

several case studies are extremely satisfactory.

Table 3. Measurement of empty sensor capacitance for two different sensors.

Square sensor Cross sensor
A
Circuit g=smm £ /
. . "f (Sje_p;ratlon Two orthoganal plates,
conflgu ration =>mm each has dimensions of

16 mm X 16 mm 7SmmX16mm;
.the projection sensing area
Vin=20V is 16 mm X 16 mm.
C.o= 143.2 pF Viens [MV] Coens _ Error Veens Coens Error in
[pF] in Coens [mV] [pF] Csens
[%] [%]
Analytical — _ ZairA - - _ ZairA -
d d
_ (8.859(0.016)(0.016) _ (8.859(0.016)(0.016)
B 0.005 - 0.005
=0.454 =0.454
(using projected area)
Unshielded 1720 13.5 2874 1336 10.25 2158
Shielded 63.2 0.454 0.0 66.4 0.477 5.07
Grounded 44.6 0.320 29.5 44.0 0.319 29.7
>}
roposed method |y~ 44 6 V,=44.0
(“modified 0.454 0.0 0.547 20.5

grounded”) Vy=14080 Vi=11520
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Chapter 3

THE MOLD

The mold was designed to manufacture rectangular composite panels with in-plane
dimensions of 300 mm x 140 mm. The lower and upper mold lids are made of UNS 301
steel. A variety of spacer frames allow the manufacturing of panels with different
thicknesses (in this study, only h =3 mm). There are ten vertical conductive electrodes
(copper plates with a face thickness of 16 mm) on the lower mold lid, and five horizontal
conductive electrodes on the upper mold lid as shown in Figure 5. Delrin plastic bars were
machined for the housing and insulation of the copper plates from the conductive mold.
After the copper plates and plastic insulator housings were tightly fitted in the mold lids,
the surface of the mold lids were finish cut on a milling machine (by Bayrak Plastik, Bursa,
Turkey) to level the surfaces of the copper plates and the mold lids and to reduce the
surface roughness. On both sides of the spacer frame, o-ring silicon seals the mold cavity,
and thin nylon films electrically insulate the metal frame from the mold lids. Six latches are
used manually to compact the fabric preform and close the mold cavity. A resin inlet gate
and ventilation (exit) port are located such that empty pools exist within the mold cavity
between the left and right edges of the fabric preform and the mold walls; thus these inlet

and exit pools function as a linear inlet and exit in practice.
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3.1 The Experimental Setup

Figure 6 shows the experimental setup for the RTM injection and in-situ sensor data
evaluation. A flow-rate controlled injection machine (Radius Engineering RTM 2100 cc)
transfers thermoset resin (Poliya PolipolTM 336-RTM) to the mold cavity in which a fabric
preform (5 layers of stitched random e-glass fabric by Fibroteks with 500 g/m2 superficial
density per layer) was compacted previously. The projected intersections of the horizontal
electrodes (A,B,...,E) and the wvertical electrodes (1,2,...,10) form fifty sensors
(A1,A2,...,E10) as shown in Figure 7. The grid of 50 dielectric sensors is connected to the
electrical circuit and monitored on the computer. Flow front positions and empty/filled
regions can be monitored on-line during the injection, and the level of cure can be
monitored by using the “permittivity versus cure level” database, during the cure stage of

the process.
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Injection machine
(flow-rate controlled) ,f

Radius Eng. RTM 2100 ¢

Online
monitoring |
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Function
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Power
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Figure 6. Experimental setup for RTM.
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Chapter 4

THE ELECTRICAL SYSTEM FOR OPERATION
OF SENSORS AND DAQ

The electrical system consists of a circuit board, a signal generator, a USB data
acquisition card and a computer running LabVIEW. The diagram of the overall system can
be seen in Figure 8.

The circuit board consists of multiplexers, grounding switches and signal conditioners.
The signal generator used in this study is Gwinstek SFG-2004 DDS function generator,
which can be replaced with any signal generator capable of generating sine waves. For
controlling the circuit board and data acquisition, iIUSBDAQ — U120816 card is used due to
its low cost and easy implementation to LabVIEW. This card is capable of capturing analog
inputs at 32 kSamples/s with 12-bit resolution. It is connected to an IBM compatible
computer running LabVIEW software for online monitoring. The software controls the
multiplexers and processes the voltage data to calculate the capacitances. Relative
permittivities are displayed both in numerical and contour map formats. The data is also

recorded for later inspection.
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Grounding
switch A Signal generator
: Signal
_ generator
Grounding multiplexer
switch E
“ Grounding
(9] .
= tch C
%) switch C ¢ ,
RTM mold o [
+ v
Signal >
conditioner1 ->
> Signal > Signal
conditioner2 »| conditioner
multiplexer
" Signal >
Ll eas
conditioner 10 >
Amplitude N
Online i
monitoring Mean voltage

USBDAQ card

Computer
with Labview

e Multiplexers and switches are controlled by DAQ card.
¢ Only one horizontal electrode is connected to the signal generator at a time
and the rest are connected to the ground.
e C.eris connected as an horizontal electrode because of the similiar operation.
¢ Signals from the lower mold lid electrodes are amplified and decoupled
with signal conditionersand are fed to the DAQ card via a multiplexer.

Figure 8. Diagram of the entire monitoring system.
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4.1 System Operation

As explained in Section 2, a dielectric sensor works by applying an alternating current

to the sensor which is connected serially to a reference capacitor, C . By measuring the
voltage across C,. and using the known value of C_; in Equation (2), the unknown

sensor capacitance C can be calculated. For a single sensor this process is

sens !

straightforward, however it becomes more complicated for a grid of sensors, as shown in
this study. Figures 7 and 8 explain how the grid sensors can be used to measure the

capacitances, C__. at all junctions: (1) The first horizontal plate (A) is connected to the

sens

signal generator, and other horizontal channels (B-E) and C,, are connected to the
ground. (2) The amplitude and average of the voltage at all vertical plates (1-10) are
measured and recorded. (3) Steps 1 and 2 are repeated for the other horizontal plates (B-E)
sequentially, and the corresponding voltages are recorded. (4) C,. is connected to the
signal generator and all of the horizontal plates (A-E) are connected to the ground. (5)
Voltage amplitudes at all vertical plates are recorded. (6) For each vertical plate, the ratio

of the amplitudes recorded at Step 2 (V. ») and Step 5 (V5 ) are multiplied with C

of the corresponding plate as in Equation (5). (7) The relative permittivity of each sensor is

calculated by using

— gsens :Esens gair :100059 Csens (10)
C

& &,

vacuum air vacuum air

gR,sens

where C_, is the capacitance of each sensor recorded when there is only air present, and

the relative permittivity of air is taken from [30] as &, / €,acuum = 1.00059 .
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4.2 Circuit Description

The circuit can be divided into three sections: (i) driver for horizontal plates, (ii) signal
conditioner, and (iii) DAQ multiplexer.

Driver for Horizontal Plates: This circuit consists of grounding switches and a
multiplexer for each channel. The signal generator is directly connected to a CD4051 8-
channel analog multiplexer. One CD4066 bilateral switch is used to connect each output
channel to the ground. By using logic gates, multiplexer’s channel selector and switches are
connected together so that non-selected channels will be connected to the ground. Channel
selection is handled by LabVIEW software through the DAQ card. For the mentioned mold
setup, five channels are used for the mold’s horizontal electrodes (A, B, ... , E) and one

channel for the reference capacitor.

Signal Conditioner: This part of the circuit is used to measure the voltage of electrodes

at lower mold plate. Even if C,,, is selected as close to the expected sensor capacitance,

the effect of the C in the grounded configuration causes the voltage Vv_,__, to decrease

mold sens !

and require amplification for accurate readings.

The circuit is divided into parts and shown with representative signals at various stages
in Figure 9. The voltages are measured as follows: (i) The circuit is directly connected to
the sensor in the voltage divider as explained in the previous section. (ii) To avoid
saturation at the op-amps, the amplification is conducted in two steps. The 1% amplifier
consists of an op-amp in a non-inverting amplifier configuration with a gain of 52. (iii) The
signal is separated into DC and AC components by using a low-pass and a high-pass filter,

respectively. (iv) The low-pass filtered signal, labeled as “Mean”, is connected to the DAQ
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multiplexer. (v) The AC signal is further amplified by using the 2" amplifier for higher
sensitivity. The gain of the 2" amplifier is set to 4.3 which brings the signal level between
0.5V and 3.8 V. (vi) The last part of the circuit is the peak voltage detector which is used
to measure the magnitude of the AC component of the signal [31]. The output of this part is
also fed to the DAQ multiplexer.

The op-amps selected for this circuit are LF347. It has a high slew rate (13V/us) which
is required for high frequency signals, and also has high input impedance of 10 T€2. This
high input impedance permits the neglecting of the op-amps in voltage divider calculations.

DAQ Multiplexer: The limited number of channels on the DAQ card can be
compensated for by adding multiplexers to the system. The only drawback of multiplexing
Is the decrease in the sampling rate. Since the resin flow develops slowly in RTM, this is

not considered a critical issue.

Three CD4052 2x4 channel analog multiplexers are used to feed twenty voltage values
(ten for mean and ten for amplitude) to six channels of the DAQ card. Similarly, the
channels of the multiplexers are selected from LabVIEW via the DAQ card. At each
measurement step, (i) the channel is selected, (ii) three mean and three amplitude values are
read, (iii) the second step is repeated for channels 2 to 4, and (iv) voltage values for the ten

vertical plates are recorded.
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Chapter 5

EXPERIMENTS

To verify the reliability and accuracy of the proposed sensor system, many RTM
experiments were done, two of those experiments will be presented here for brevity and the
rest are included in the Appendix C. These case studies are RTM mold fillings with (1)
approximately 1D resin flow; and (2) 2D resin flow induced by a racetracking channel
along the bottom edge of the preform. The resin cure stage of one case study was also

monitored until the de-molding time and its evaluation will be done later in this section.

5.1 Monitoring of Mold Filling

In both case studies, curing agent and accelerator were added to Poliya Polipol™ 336-
RTM thermoset resin so that the pot life (gelation time) was adjusted to approximately 15
minutes at room temperature. The fabric preform was prepared by stacking five layers of
stitched random e-glass fabric (by Fibroteks) with superficial density of 500 g/m? per layer.
The preform was compacted to the mold thickness of 3mm, which resulted in a fiber

volume fraction of 32.8 %. Injections were performed at a constant flow rate of Q = 15
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cc/min. As previously explained, the resin filled the empty rectangular pool around the inlet
seen in Figure 5, and then it propagated through the porous fabric preform. In Case Study
1, the preform’s width was cut with precision so that there was no significant racetracking
channel between itself and the mold walls. In Case Study 2, the preform’s width was cut
approximately 2 mm shorter than the mold width (140 mm), and it was placed in the mold
cavity so that the racetracking channel was formed only along the bottom edge.

As explained in the previous section, initially the sensor capacitances were measured

and recorded when the mold cavity was empty (i.e., only air existed in it, thus C_,,. =C_,

). After placing the preform and closing the mold, the sensors measured the capacitance of
the medium (dry fabric and air). During the mold filling, the sensors measured the
capacitance of the wetted fabric.

In Figures 10 and 11, the relative permittivities of the sensors, ¢, are plotted during the
entire injection of Case Studies 1 and 2. Each sensor’s reading was approximately 1.8
before the arrival of resin to that sensor. After the resin reached the sensor (with a sensing
area of 16 mm X 16 mm), the reading started to increase gradually as seen in the two
figures. Due to almost 1D flow in Case Study 1, the rate of increase in the readings was
almost constant. The readings remained constant (approximately ¢, =6.5) after the
preform was saturated completely in the sensor. The arrival times to the sensors along each
column (for example A1,B1,...,E1 for the first column, and so on) were quantitatively
similar. However, they deviated very significantly in Case Study 2 showing that the flow
was not 1D. When the relative permittivity of a sensor reached its mid value,

0.5(5R,ﬁnaI — &R initial ) the sensor was considered to be 50 % filled. The corresponding times

of all fifty sensors were used at their central coordinates to plot the flow front contours in
Figures 12 and 13. The user interface of the LabVIEW program is given in Figure 14 which
monitors the current relative permittivities and the location of the flow front when the mold

was partially filled at t =418.8 s.
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Figure 12. The flow front contours at different times using the recorded data of the fifty
sensors for Case Study 1.
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Figure 13. The flow front contours at different times using the recorded data of the fifty
sensors for Case Study 2.
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Figure 14. The user interface for monitoring the mold filling in Case Study 2. The
relative permittivities of the sensors are used to show what regions of the mold cavity are
filled/empty at the current time.
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5.2 Monitoring of Resin Cure

The curing stage of Case Study 2 is shown in Figure 15. As the level of resin cure
increased with time, the relative permittivity decreased. As mentioned in the first section,
for an optimum de-molding time, one ideally needs a database which relates the
mechanical properties (strength and stiffness) of the composite part to the relative
permittivity. The part should be de-molded after the green strength and stiffness of the
composite part are high enough so that no warpage occurs during and after the part is taken
out of the mold. In this study and [26], no complete database was used, however no
significant deformation was observed during and after the de-molding of the part following
approximately 4 hours of curing, for the resin system used in this study. For this room-
temperature curable resin type, Figure 15 suggests that the composite part’s relative
permittivity level should be equal or less than 4.5 at the time of de-molding. This could be
much shorter if a different resin system was used and/or the mold was kept in an autoclave

during the partial curing stage.

5.3 Using the Sensor System as Point-Resistive Sensors and Dielectric Sensors

To investigate how differently the mold filling and resin cure would be monitored if
fifty resistive sensors were used instead of the fifty dielectric sensors, one more case study
was performed. The sensors’ electric system was operated in exactly the same way as
before (i.e., running the alternating input voltage at a frequency of 150 kHz), except that
after recording the sensor data at each time step, the input voltage was converted to DC
form (by setting the excitation frequency, @ to zero) and the corresponding data was

separately recorded as resistive sensor data. For brevity, only one sensor’s (C5) response
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Figure 15. The average of relative permittivities, ¢, of the fifty sensors during the resin
cure stage of Case Study 2.

was plotted in Figure 16. As seen in the figure, the resistive sensor responded as an almost
step function upon the resin arrival to that sensor. In other words, the output voltage
increased to its saturated value even when a small fraction of the sensor’s surface was filled
with resin. This is due to the high gain used in the circuit. Recall that using a much lower
gain would not have this problem (sudden increase in the output voltage). However, the
system then would be very vulnerable to the external noise. When the gain is set to a low
value, the sensors may even give false resin arrival signals unless the threshold value is set
low enough [4]. This though is very difficult to do especially when the high electrical

resistivity of typical RTM resins are considered.
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Figure 16. The data of a sensor (C5) when it is operated as a point-resistive sensor
(dashed, blue) and a dielectric sensor (solid green).
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Chapter 6

SUMMARY AND CONCLUSIONS

It was shown that previously used dielectric sensor systems can only measure the
fraction of the sensors filled with the flowing resin, but not the resin’s whereabouts in the
mold cavity. The monitoring results of these previous studies may be ambiguous and cause
false control of the RTM process. A grid of fifty dielectric sensors were embedded in RTM
mold walls so that much more detailed and accurate monitoring could be achieved. Each of
these sensors gives the local saturation, and the multiple sensor data can be used to monitor
the flow front position with a higher certainty than the previous applications. These sensors
were permanently embedded to the mold by machining the mold surface after assembling
the copper-plate electrodes and the insulator housings to the mold walls tightly. This study
also reviews the four different alternatives for parallel-plate dielectric sensor
configurations: unshielded, shielded, grounded and “modified grounded” (the proposed
method of this study) by comparing these sensors’ output with the analytical value. The
most accurate choice is the shielded configuration. However it is tedious and costly to
embed multiple shielded sensors as mentioned earlier. The modified version of the
grounded configuration enabled the measuring of the relative permittivity of the medium
(dry or wetted fabric preform) by eliminating the unknown and time-varying mold
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capacitance from the system equations. Instead of having fifty separate parallel-plate
sensors, an easier approach was used, in which a grid was formed by having five horizontal
and ten vertical electrodes and by considering the projected areas as the sensing areas.
Several RTM case studies were presented here to validate the success of the proposed
dielectric sensor system.
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Appendix A.1. Datasheet of the resin. [www.poliya.com.tr]

SIVI HALDEKI OZELLIKLERI

Polipol™ 336-RTM

PROPERTIES OF LIQUID FORM

TEST METOD DEGER
TEST METHOD VALUE
Renk 150 2211 - max. 100 Hazen
Colour

Yogunluk IS0 1675 +%5 1,094 gricm’
Density

Kirilma Indisi IS0 0489 %5 1,532
Refraction Index

Asit Degeri IS0 2114 %10 23 mg KOHigr
Acid Value

Viskozite ' Brookfield” IS0 2555 +%30 300 cp
Viscosity Brookfield®

Tiksotropi - 1%30 NIA
Thixotropy

Jel Siiresi 150 2535 1%40 14

Gel Time

Monomer Orani - +%12 37 %
Monomer Content

Parlama Noktasi AbelPernsky - 28°C

Flash Point

Raf Omrii - - 4 ay

Shelf life in months

El 23 °C de, 4 ug, 50 devir ile dlgiilmiistiir.
Itis measured at 23 °C, 50 rpm with spindle 4.

E23°C de, % 1 ml % 1 lik Co, % 1 ml Mek-p ( Butanox M 60 ) ile dlgiilmiigtiir.

Itis measured at 23 °C added 1 % ml Co ( 1 % con. ) and 1 % ml Mek-p { Butancx M 60 ).

SERTLESME VERILERI *
CURING DATA

TEST METOD DEGER
TEST METHOD VALUE
t esc ys0c IS0 0584 +%10 613"
tesc a0

t gsc y Tmaks IS0 0584 %10 8'3g"”
tese o 7 max

T maxs IS0 0584 %10 11'36"
t MaK

T maks 150 0584 +%10 222 °C
T max

E Recine 80 °C sicakhgindaki banyoda, %2 oraninda %350 lik Benzoil Peroksit Pasta ( Lucidel BT-30,Akzo ) ile sertlegtirilmigtir.
Resin cured in 80 *C bath with 2% Benzoyl Peroxde Paste ( 50% con,Lucidol BT-50,Akzo )
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SERTLESMIi$ REGINENIN GZELLIKLERI *
PROPERTIES OF CURED RESIN

TEST METOD DEGER

TEST METHOD VALUE

Yuk Altinda Egilme Sicakhdgi ( HDT ) IS0 D075-A +%10 i7°c
IS0 0075-B 91°C

Heat Deflection Temperature { HDT )

Su Absorbsiyonu 150 0062 +%10 0,185 %

Water Absorption

Barkol Sertligi ( Barcol 934-1) ASTM-D 2583 %10 44

Barcol Hardness [ Barcol 934-1 )

Toplam Hacimsel Cekme 150 2114 +%10 9,04 %

Tatal Yelume Shrinkage

- SERTLESMIi$ RECINENIN MEKANIK OZELLIKLERI®

MECHANICAL PROPERTIES OF CURED RESIN

TEST METOD SAF RECINE DEGERI
TEST METHOD PURE RESIN VALUE
Egilme Dayanimi I1SO 0178 +%10 113 MPa

Flexural Strength

Elastiklik Modiilii 1S 0178 +%10 3110 MPa

Flexural Modulus

Kopmadaki Uzama I1SO 0178 +%10 43%

Elongation at Break

Cekme Dayanimi IS0 0527 +%10 64 MPa

Tensile Strenght

Elastiklik Moduili IS0 0527 +%10 2801 MPa

Madulus of Elasticity in Tensile

Kopmadaki Uzama 150 0527 +%10 2,8%

Elongation at Break

lzod Darbe Dayanimi 150 0180 +%10 9 kjfm

|zod Impact Strength

HE Sertlesmis recinenin testleri igin recine sertlestikten sonra post-kiir islemine tabi tutulmustur.
Before the mechanical tests, the cured resin is post-cured.
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Appendix A.2. Injection Machine.[www.radiuseng.com]

Manufacturer: Radius Engineering Inc., Utah, USA (RADIUS)

Model: Radius 2100 cc Electric RTM Injection Cylinder
Version 5.17.2001

Capacity of polymer: 2100 ce

Polymer types: Thermoset (applicable to RTM)

Maximum injection pressure;: 27.5 bar (= 2.7 MPa= 400 psi)

Heating system: Electrical heater around injection cylinder and tubes

Maximum temperature; 176°C (= 350°F)

Control: PID temperature control

Flowrate control
Injection pressure set points
Power: 4.8 KW (240 V, 20 amp)
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Appendix A.3. Fabric preform material.

Fibroteks
Stitched Random
450 gram/m?

Appendix A.4. RTM process steps overview [14]

1. Preform Manufacturing 5. Demolding and Final Processing

3. Mold Closure
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Appendix B.2. Mold 3D Visualitions.

Open/Closed view of the entire mold.
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Insulator made from delrin

Sensing plates made of copper.
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Appendix B.3. Mold Photos.

-*?r o ot /”'Tf‘fﬁf'

Entire mold, without circuit board.
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Lower mold plate
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Lower mold plated with 6mm spacer frame.

Fabric placed and mold is ready to be closed.



Appendices

61

Mold with latches closed. Side View
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Appendix C.1. Results of Experiment 6. With grounded configuration.

Capacitance versus time
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Capacitance versus time
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Capacitance versus time
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Appendix C.3. Results of Experiment 12. With modified grounded configuration.No
fabric, mould placed vertically for a perfect 1-D flow

Capacitance versus time
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Appendix C.4. Results of Experiment 14. With modified grounded configuration.
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Appendix C.5. Results of Experiment 15. With modified grounded configuration.
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Appendix C.7.
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Appendix E.1. Amplifier Stage Calibration datas. Vin versus Vout
Pk-Pk In Voltage Outputs
a0l 0982 0958 0929 00982 0947 00982] 0.891] 0952 0927 0.940
sol] 1286 1.251 1.217]  1.287 1.241 1290 1169 1248 1.214] 1234
60] 15571 1512 1.474|  1.558 1.504|  1.563 1416 1511 1.470|  1.497
70 1.839 1.784 1.741 1.841 1.777 1.847 1.673 1.787 1.736 1.770
80| 2063 2.001 1.954|  2.067 1.994] 2074 1.877] 2.004] 1.948] 1.987
90| 2359 2286 2.236] 2363] 2280 2373 2149 2292 2227 2275
100] 2.639] 2555 2499 2.643] 25551 2.654] 2.403] 25564  2.492]  2.545
110 2.892 2.799 2.739 2.897 2.796 2.910 2.634 2.812 2.730 2.790
120 3.157] 3.055] 2991 3.163] 3.053] 3.180] 2.878] 3.069] 2.982] 3.047
130 3.426 3.315 3.247 3.434 3.314 3.452 3.125 3.332 3.239 3.309
1a0] 3.726] 3.606] 3.531] 3.733] 3.605] 3.754] 3.400] 3.626] 3.525 3.600
150 3.989] 3.860] 3.781] 3.996] 3.858] 4.020] 3.641] 3.883] 3.777] 3.853
Slope 36.905| 38.248| 38.914| 36.809] 38.112| 36.531| 40.361| 37.873] 38.968| 38.081
Intercept 2.999] 2.624] 3.101] 3.088] 3.151] 3.372] 3327 3221  3.207]  3.457
R2 0.9997 0.9997] 0.9998 0.9998] 0.9997| 0.9998] 0.9997] 0.9997] 0.9997] 0.9997
Appendix E.2. Capacitance versus Voltage Output data.
Vout/C 0 0.9 0.9 1.3 1.3 1.9 2 2.5 2.5 2.7 2.7
1 1.057 1.002 1.417 1.395 2.008 2.056 2.738 2.78 2.943 2.962
2 0.867 0.833 1.163 1.146 1.653 1.693 2.26 2.294 2.435 2.437
3 0.739 0.716 0.996 0.98 1.427 1.467 1.957 1.983 2.098 2.105
4 0.709 0.692 0.967 0.952 1.392 1.423 1.911 1.932 2.046 2.055
5 0.62 0.599 0.843 0.832 1.219 1.25 1.67 1.701 1.808 1.805
6 0.576 0.555 0.791 0.778 1.139 1.166 1.566 1.5953 1.692 1.695
7 0.572 0.556 0.773 0.758 1.118 1.142 1.53 1.554 1.649 1.655
8 0.676 0.658 0.915 0.902 1.317 1.349 1.809 1.832 1.945 1.952
9 0.749 0.727 1.006 0.994 1.443 1.478 1.978 2.007 2.131 2.128
10 0.848 0.826 1.154 1.14 1.657 1.698 2.272 2.309 2.44 2.446
Vexc = 1.0
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Appendix E.3-5. Entire Electronic Circuit: (3) Part List, (4) Schematics and (5) PCB.

List of Materials for Di-electric Sensor

Design Title : Di-electric sensor

Author :Bekir Yenilmez

Revision 1.0

Design Created :16 April 2008 Wednesday

Design Last Modified :07 August 2008 Thursday
Total Parts in Design :239

142 Resistors

Quantity:

References

48

10
14

21

11

21

11

R1-R3, R7, R11, R12, R17, R21, R22, R27, R31, R32,
R37, R41, R42, R47, R51, R52, R57, R61, R62, R67,
R71, R72, R77, R81, R82, R87, R91, R92, R97, R101,
R102, R105-R108, R113-R115, R121, R122, R126-
R128, R130-R132

R4, R116-R120

R5, R15, R25, R35, R45, R55, R65, R75, R85, R95

R6, R16, R26, R36, R46, R56, R66, R76, R86, R96,
R123-R125, R142

R8, R13, R18, R23, R28, R33, R38, R43, R48, R53, R58,
R63, R68, R73, R78, R83, R88, R93, R98, R103, R111
R9, R19, R29, R39, R49, R59, R69, R79, R89, R99,
R109

R10, R14, R20, R24, R30, R34, R40, R44, R50, R54,

R60, R64, R70, R74, R80, R84, R90, R94, R100, R104,
R112

R110, R129, R133-R141

Value
10k

1R
51k
1k

4k7

33k

100k



Appendices 77

43 Capacitors

Quantity: References Value

11 C1, C4, C7, C10, C13, C16, C19, C22, C25, C28, C31 100n

22 C2, C3, C5, C6, C8, C9, C11, C12, C14, C15,C17,C18, 10n
C20, C21, C23, C24, C26, C27, C29, C30, C32, C33

10 C34-C43 1p8

22 Integrated Circuits

Quantity: References Value

1 Ul 4028

1 u2 4009

2 U3, U4 4066

1 us 4051
10 U6-U15 LF347
3 U16-U18 4052

4 uU19-U22 LF353N

5 Transistors

Quantity: References Value

5 Q1-Q5 BC548C
22 Diodes

Quantity: References Value

22 D1-D22 1N4148

5 Miscellaneous

Quantity: References Value
3 DIO, J1, J2 TBLOCK-M12
1 J3 TBLOCK-M6

1 SGEN TBLOCK-M2
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Appendix E.5.1: Double layered printed circuit board mask

d 0006 q &d| 8002 Z=W| 1UuS/ JdiX=g
A JOSUSS O1J309 |2l
o=
0
mmn[ ,m
%ﬂ’u
N
, 7




84

Appendices

"g0d pajquiasse ay} Jo uonezifensiA g :2'g'3 xipuaddy



Appendices

85

Appendix E.5.3: (a) Bare and (b) Assembled Photos of the PCB.

(@)

(b)
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Appendix F.1.1. Overview of The DAQ card iIUSBDAQ — U120816

[From the users manual]
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USB 2.0/1.1 Full Speed Interface

USB Bus Powered

8 Single-Ended, 12-Bit Analog Inputs

0-4.096 V Analog Input Range

Up to 32 kSamples/Sec Throughput with Single Channel Up to
13kSamples/Second for Streaming Mode

Supports Both Scan Mode and Continuous Streaming Mode Data Acquisition
One Dedicated Trigger Line for Streaming Mode Data Acquisition
Two 10-bit PWM Outputs (3kHz- 333kHz)

16 Bi-Directional Digital I/O Lines (125HZ update rate)

One 16-Bit Counter

240 bytes EEPROM Reserved for User Data

Multiple iUSBDAQs Can Be Connected On Same Computer
Works with Windows 98SE, ME, 2000, or XP

Approximately 3.5" x 3.375" x 1.125" (9cm x 8.5cm x 3cm)
Industrial Temperature Range
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Appendix F.1.2. Specifications of The DAQ card iUSBDAQ — U120816.
[From the users manual]

The spec is for 25 “C typically.

General

Parameter Specification

Device type USB 2.0 full speed

Device compatibility USB 1.1, USB 2.0

Operating Temperature range -40 to 85°C for U120816, 0 to 70°C for U1208LOG

Dimension 35" x3.375" x 1.125" (9cm x 8.5¢cm X 3em)

Connector Type Screw terminal

Power Supply USB bus powered, min 4.5V max 5.5V

Analog Input

Parameter Min Typical | Max Unit Specification

A/D converter type Successive

approximation type

Input voltage range | 0 Vref \Y

for linear operation

Mode Single ended

Number of channels 8

Resolution 12 bit

Vref Voltage 4.055 |4.09 4.137 |V

Accuracy -41 1 +41 mV Depends on the accuracy

of Vref

Throughput 32k Samples | Number of channels=8
30.1k /s Numberof channels=7
27k Numberof channels=6
25k Numberof channels=5
22k Numberof channels=4
19.5k Numberof channels=3
18.4k Numberof channels=2
13k Numberof channels=1
125 Software timed scan

Maximum input -0.6 7.6 \Y

voltage range
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Integral Nonlinearity +-1.0 +2.0 |LSB
Differential +-0.5 +1.0 |LSB No missing codes
Nonlinearity over-temperature
Offset Error +1.25 | +-3 .SB
Leakage Current 0.001 +-1 uA
Trigger source Software or Trigger line
Gain Error +-1.25 +-5 I.SB
Digital input/output
Number of 10s 16 bi-directional
Digital type CMOS output, TTL or Schmitt trigger
input
Pull up All pins pull up to Vs via 470 ohm, 1M to

ground

Input high voltage

2.0V nun, 5.5V absolute max

Input low voltage

-().3V absolute min, 0.8V max

Output voltage

(Vs-0.47) Vat ImA

Output short circuit current

10.6mA at Vs=5V

Maximum output current sunk 25mA

Maximum output current sourced 25mA

Power on states All are inputs

Input leakage current +-1uA

Counter

Resolution 16 bit

Maximum input frequency IM HZ

High pulse width 0.5us min

Low pulse width 0.5us min

Input leakage current +-luA

Input high voltage 4.0V min, 5.5V absolute max
Input low voltage 0.8Vmax, -0.3V absolute min
Pull up 4700hm in series, |M ohm to ground

PWM

Resolution 10 bit

Number of channels 2

Pull up 4700ohm pull up to Vs, IM ohm to ground
Period Jus — 333us

Frequency

333kHz - 3kHz
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Trigger Line

Pull up/pull down

4700hm in series, 1M ohm to ground

Input leakage current

+-1uA

Input high voltage

2.0V min, 5.5V absolute max

Input low voltage

-0.3V absolute min, 0.8V max

Trigeer mode High state will start data acquisition if used
+5V Power
Parameter Condition Specification

Output voltage

Connected to self-powered hub | 4.5V min, 5.25V max
Connected to externally
powered root hub

Connected to bus powered hub | 4.1V min, 5.25Vmax

Output current

Connected to self-powered hub | 450mA max
Connected to externally
powered root hub

Connected to bus powered hub | SOmA max

EEPROM

Size

240 bytes

Address range

0-239
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Appendix F.2. Datasheet of the operational amplifier LF347

National
Semiconductor

August 2000

Wide Bandwidth Quad JFET Input Operational Amplifiers
General Description Features
The LF147 s a low cost, high speed quad JFET input @ Imernally tnmmed offset voitage 5 mV max
operational ampifer with an internally immed Input offsot & Low Input blas current S0 pA
voltage (BIFET II™ technology). The device requires a low @ Low input noise curront 0.01 pA/VHZ
Supply current and yet maintains a ke oain bandwiith g wide gain bandwidth 4 MHz
product and a tast slew rate. In addition, woll matchod high g 1ich slew rate 13 Vim
voltage JFET input devices provide very low Input bias and ® Low supply cument 72 mA
offset cutrents. The LF147 s pin compatble with the stan. y -
dard LM148 This feature allows Gemigners 10 Immadalely ® High input Impedance ’10 o
upgrade the overall performance of existing LF148 ang @ Low total harmonic distortion 0.02%
LM124 designa 8 Low 14 nowe comet 50 Mz
The LF147 may be used in apphcations such as high speed @ Fast settiing time 10 0.01% 2
integrators, fast DVA conveners, sample-and-hold circuits
and many Other crcults requinng low Input offset voltage
low nput bias current, high Input Impedance. high slew rate
and wide bandwidth. The device has low nolse and offset
voltage drit
Simplified Schematic Connection Diagram
Va Quad Duakin-Line Package
ver O e we " v wy w vy
5 In Iu " ln " g |o
Yo
ATERALLY I| I : 1 ll . Il I g
."v:‘n“-‘; . oury w1 w v wyr "y oy
."‘ c s R e

Note 10 LF 147 svmbilde an por OISOV 10N
Top View

MY ™~ e

Patmart o e @ Baes o s O

Order Number LF147J, LF147J-8MD, LF347TM,
LF3478BN, LF347N, LF1470/883,
or JL147 BCA (Note 1)
500 NS Package Number J14A, M14A or N14A

© 2004 Nasonal Semiconductor Corporasan

DB00s647

www natona com

siaylidwy jeuonesadQ indu| | 340 pend yipimpueg apiM Lre41/Lp 141
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Absolute Maximum Ratings (ot 2)

LF147  LFIATB/ILF347

It Miltary/Aorospace specified devices are required, Operating Temperature (Note 6) (Nota &)
please contact the National Semiconductor Sales Office/ Range
Distributors for availabllity and specifications. Storage T ure
LF147 LF347BA.F347 Ranga “85'C<T,5150°C
Supply Vorage 22V 118V Lead Temperature
Diffarantial Input Voltage 238V 230V (Soldering. 10 s60) 260'C 260'C
Input Voltage Hange 19V 215V Sokdaring Information
(Note 3) DuakIn-Line Package
Output Shont Circuft Continuous  Continuous Soldering (10 seconds) 260'C
Duration (Note 4) Small Outline Package
Power Dissipation 900 mW 1000 mwW Vapor Phase (60 seconds) 218'C
(Notes 5, 11) Infrarad (15 seconds) 220'C
i A $00 AN-450 “Surtace Mounting Methods and Thelr Effect
O on Product Rakabilfy” for other methods of sokdaring
Ceramic DIP (J) Package 70'cw surface mount devices
Plastic DIP (N) Package 75'CW ESD Tolerance (Note 12) Qo0v
Surface Mount Narrow (M) 100 CW
Surtace Mount Wide (WM) 85'CW
DC Electrical Characteristics (o 7)
Symbol Paramoter Conditions LF147 LFa478 LF347 Units
Min| Typ [Max|Min| Typ |Max|Min| Typ [Max
Ve Input Offset Voltage Rg=10 ki), T,«28'C 1 5 a|s 5 |10] mv
Over Temparature 8 7 13| mv
AV /AT [ Average TC of Input Offset Ry=10 k2 10 10 10 wiI'c
Voltage
= Input Oftset Currant T=25°C, (Notes 7. 8) 25 |100 25 |100 25 [100] pA
Ovar Temparature 25 4 4 nA
ly Input Bias Current T=25'C, (Notes 7. 8) 50 | 200 50 | 200 50 |200| pA
Over Temparature 50 8 8 | nA
Ay Input Resistance T=25'C 10'* 10" 10" 5
A Large Signal Voltage Gain Vg2 158V, T,=25'C 5 | 100 5 | 100 25| 100 Vimv
Vo= 10V, R =2 k(
Ovar Temperature 25 25 15 Vimv
Vo Qutput Voltage Swing V=215V, R, «10 kQ 212|213 5 2122135 12| 2135 v
Vou Input Common-Made Voltage Vw215V 211] #4158 211] 415 211] 415 v
Range -12 -12 -12 v
CMRR | Common-Mode Rejpction Ratio | A,<10 kQ 80 | 100 80 | 100 70| 100 dB
PSHR | Supply Voltage Rejection Ratlo | (Note §) 80| 100 80| 100 70 | 100 dB
[N Supply Current 72 | 1 72 | 11 72 |11 ] mA

www nabonal com

Lo
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AC Electrical Characteristics (vow 7) =
~
Symbol Parameter Conditions LF147 LF3478 LF347 Units :
Min| Typ Min| Typ [Max| Min| Typ |Max g
Ampifier 10 Ampifer Coupling Ta=25C, -120 -120 ~120 aB
1«1 HZ~-20 kM2
(Input Ratened)
SR Siow Fate Vgez15V, T,«28C | 8 | 13 5| 13 s | 13 Vs
GBW Gain-Banowidith Product Vo215V, T, «25C |22] 4 22| ¢ 22| 4 MHz
&, Equivalent Input Noise Voltage | T,=25'C, Re=1000). 20 20 20 v/ FE
121000 Hz
X Equivalent input Noise Current | T=25°C, #«1000 Hz 001 o 0.0 oA/ T
THD Total Harmonio Distomion Ayme10, R =10k <0 02 <0 02 <002 “
V=20 Vp-p.
BW20 Hz-20 WHz
Note 2. Alecdine M Fastings wadeando Mrms Lespond whinds damage % e Sovice iy coom Cpssating Fatings indcae coredens by stach B (eaos =
L g O vt et [k o
Note 3: Lisioss oty ] i b st e i wollage 1 ogud 10 e DG (e supgly wolagn
Note 4: Anwy of Bae aevplther ougass can ba ) 0 grosnd dy I e Than one shoukd ol be serefiancoadly shon od as th sreooeraem unciion
v wil b et
Note§: 1on g VY W deaniend ity LR 1ot Boer heomad nd Linsend o 40 Patvnd smmsdstnton of 4,

Note §: The LF 147 s avadladde w the naltary Sompssstoes tange - S5 0T a1 26°C wiiie the LF 3478 and the LFT we

rangn FCaT P0G dumctoom Tutvpuatanns con ree 0o T mes = 150°C

Hote 7 Uhibans ofhwmrmtions spwactiund Moo sguactiots siw afqdy conn B tub
Voo lp and Ly e meassod s Vg0

Note 8 The wges baxs v o,

e arwd fon Vo =20V Sl W LF AT arnd bowt V=215V b fhee L STRAF 847

whach g

roconemendesd £ mpat Dins oot w0 B bagt %5 8 s

Note 9 Sugphy woliagn rapecton tao i msasarad b Lot sagely misghne ]
Wy = 2 5V W0 159 lon the LFSAT andd LESATH and dom ¥y = 2200 10 25V bor tha LF 147

Note 10: Fiohor 10 LTS 147X b LF 1470 and LF 1470 ioltnry spwcdcntions

Note 17 M Powes |

2 fy doattdo o evary 10°C
PenBactionn it Bt (he gaat L oot s sttt ind aim oontebiod 10 pnchion lamged st o In noomml of
Trgeeata s an & tosit of wenal power daspaion Po TaTek, P whare 6, 0 the thy

2o it ho

n the ¥ T, Do b lonted
the Fhws wtsown The sermet
Hooam iy Ul o & hot ik

bom

Ot (it oesd e,
Note 120 Humwn bosdy moedel 1550 W srbe with 100 &

s et by the geckagn chan P

g ther et s the Mo Power Disspaton mery cause fia (ot & opaie

waw natonal com
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Appendix F.3. Datasheet of the Grounding switch CD4066.

2 ; June 1932
National Semiconductor
CD4066BM/CD4066BC Quad Bilateral Switch
General Description
The CD40668M/CDS0G6BC s a quad bilateral switch - @ Exdremaly low "OFF™ 0.1 nA (typ)
tended for the ransmission or multiplexing of analog or dg- swich leakage @ Vpp~Vss =10V, T~ 25C
tal signals. It 8 pinfor-pin compatible with CD4016BM/ @ Extremely high contral input impedance 10%20typ.)
CD4016BC, but has a much lower “"ON" resstance, and ® Low crosstalk —50 d8 {typ)
“ON" resistance is relativaly constant over the input-signal between switches & i, - 09 MHz R~ 1 k2
range. @ Freguency responss, switch “ON™ 40 MHz (typ))
Features Appli
cations
® Wide supply voltage range 3V o 15V Ansh ional i )
@ High noise mmunity 0.45 Vpp (typ) - &
® Wide range of digital and 475 Vpgax .55": l"m' 'm
analog Switching -
&8 "ON" resistance for 15V operation 800 » Modutator/ Demoddator
® Malched “ON™ resistance ARgw ~ 50 (typ) @

over 15V signal input
& "ON" resistance flatl over peah-to-peak signal range

8 High “ON"/"OFF™ 65 dB (typ.) s }
Analog-to-digital/ Gigtal-lo-analog conversion
output voltage ratio & =10 kHz R, =10 k2 & Dioital control of fr , g - chess: and e
High degree lineanty 2 fg~1MHZ Vg~ 5Vpo

High degrea linsarty Voo—Vss= 10V, R =10 k12

Schematic and Connection Diagrams
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Absolute Maximum Ratings puies 122 Recommended Operating
I'.-ﬂhua::omm.om Conditions pwe 2
"""u" m""“‘l 2 h"""'."'l.""""“ """'"' I“" Supply Voltage (Vo) Vi 15V
Supply Voitage {Vpo) ~05Vio + 18V nput Voltage (Vind Wio Voo

J Operating Temperature Range {T4)
input Voliage (Vied =05V 16 Voo + 0.V CD40663M -85Clo +126°C
Storage Temperature Range (Tg) ~65Clo +150°C COWEHAC ~20'C o +865C
5 Disipetion Pn)
Dualin-Line 700 mW
Small Outiine 500 mwW
Lead Temperatre (Ty)
{Soldering. 10 seconds) 300°C
DC Electrical Characteristics cowssau pwie2)
ks P . Condith -85C +3'C +125'C Unit
Min Max Min Typ Max Min Max
[es) Quiescent Device Curent | Vpp =38V 025 0.01 0% 5 pA
Voo =10V 03 om 05 15 A
Voo = 15V 1.0 oo 1.0 30 pA
SIGNAL INPUTS AND OUTPUTS
Aow | “ON" Resistance A =10k 1o DO YSS
Ve~ Voo Vis = Vss 0 Vpp
Voo =5V 800 210 1080 1300 n
Voo =10V 3 120 400 550 0
Voo = 15V 200 80 | 2¢0 20 | 0
Aoy | A"ON" Resistance n\-tomn!ﬂ?%!ﬁ
Betweon any 2 of Vo= Voo Vs~ Vss o Vep
2 Switches Voo = 10V 10 0
Voo = 15V 5 a
s Input or Oulput Leakage | V=0 +50 +01 +50 2500 nA
Swiich “OFF™ Vis = 15V and OV,
Vos =0V and 15V
CONTROL INPUTS
Vo Low Level input Voltage | Vis = Vs and Vpp
Vos = Vop and Vgs
hs= =10 uA
Voo =5V 15 225 | 15 15 | v
Voo =10V a0 L5 30 a0 v
Voo = 15V 20 675 | 40 40 | Vv
Vo | High Level ingul Voltage | Vipp =5V 35 35| 27 35 v
Voo = 10V (see note 6) 7.0 70 | 83 7.0 v
Voo = 15V no 10| &% 10 v
) Inguat Current Voo —Vss =16V =01 £10-5 | 20 10| pA
Voo=Vis=Vss
Voo VoaVss
DC Electrical Characteristics co«ssac pvowe 2
Symbol Parameter Conditions e tavc T8sC Units
Min Max Min Typ Max Min Max
‘0o Quicscent Device Cument | Vpp =5V 10 oor | 10 75 pA
Voo =10V 20 00t | 20 15 pA
Voo =15V 20 001 | 20 30 pA
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DC Electrical Characteristics (conirued) coa0esac (voe 2)
Symbol Parameter Conditions e e T85C | unis
SIGNAL INPUTS AND OUTPUTS
Vern—
Aon | “ON"Resstance A= 10Ka 1o D0 VsS
Ve=Voo. Vss 1o Vpp
Vpo =5V 850 270 | 1050 1200 | N
Vpp =10V 330 120 | 400 520 | 0
Vpo = 15V 210 80 240 300 o
Afgn | A“ON" Resistance m-wmnM
Between Any 2 of Voo = Voo, Vis = Vss 1o Vpp
4 Switches Voo =10V 10 n
Vpo = 16V 5 0
s input or Output Leakage | Vo -0 +50 +0.1 +50 =200 nA
Switch “OFF™
CONTROL INPUTS
Ve Low Level iInput Voltage | Vs~ Vgs and Vo
Vos=Vpp and Vg
lis= £10pA
Vpo ~5V 15 225 1.5 1.5 v
Vpo =10V 30 45 | 30 30 |V
Vpo =16V 40 675 | 40 0 | Vv
Vie | High Level input Voltage | Vpp =56V 35 35| 275 35 v
Vpo = 10V {(See note 6) 7.0 7.0 55 7.0 v
Vpo <16V no 110 825 1m0 v
™ Input Current Voo — V=18V +03 £10-%| 203 10 pA
Vpo=Vis=Vss
VeozVozVss
AC Electrical Characteristics® 1, -25C. 1. =~ 20ns and Vs = 0V unless otherwise noted
Symbol Parameler Conditions Min Typ Max Units
oL 'L | Propagation Delay Time Signal | Vo =Vpp. G =50 pF, (Figure 1)
Input to Signal Output Ay~ 200k
Vpo =5V 25 55 ns
Voo =10V 15 35 ns
Vpo = 15V 10 25 ns
tpzH. lpz Propagaiion Delay Time A= 1.0 kQ, Gy =50 pF, (Figures 2 and 3)
Control Input 1o Signal Vpp =58V 125 ns
Output High iImpedance to Vpo < 10V 80 ns
Logical L evel Vpo =13V 50 ns
tpHz. Iz | Propagation Deday Time A =10k, C =50 pF, (Figures 2 and 3)
Conteol Input 1o Signal Vpo =5V 125 ns
Output Logcal Level to Vpo =10V 60 ns
High Impedance Voo =15V 80 ns
Sne Wave Distortion Vo=Vpp =5V, Vgg=—3V 01 %
Ry =10 ki, Vig = 5Vppp. 1= 1 kHz,
(Figure 4)
Frequency Response-Swilch Vo =~Vpp =56V, Vgg =~ — 5V, 40 MHz
“ON" (Frequency at —3 dB) R =1k0), Vig =8Vpy.
20 Logya Vos/Vos (1 kHz)—dS,
(Figure 4)
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AC Electrical Characteristics® consnuod) T4 25°C. & 4 20 ns and Vs - OV unloss olherwise notad

Symbol Parameter Conditions Min Typ Max Units
Feedihrough — Switch "OF F" Voo - 5.0V, Vo - Vg - —5.0V, 125
(Frequency at — 50 d8) Ay~ 1KIL, Vg = 5.0V q, 20 LOG 4,
Vos/Vis -~ —50dB, 4)
Crosstalk Betwoen Any Two Voo = Ve - 5.0V, Vgg - Vo)~ 5.0V, 09 M-z
Switches (Frequancy at ~ 50 dB) A TR, Vigia) = 5.0 Vp.p,, 20 Logyo.
Vasmy Vs - — 50 98 (Figwe 5)
Crosstalk, Control Input to Voo 10V, R 10k, Ry - 1.0k, 150 mVpp
Signal Output Voo ~ 10V Square Wave, C| -~ 50 pF
(Figure 6)
Maxmum Control Input AL~ 1.0k, C ~ 50 pF, (Figwe 7}
Vasy - ¥ Vas(1.0 kHz)
Voo - 5.0V 60 Mz
Vpo - 10V BO MMz
Voo -~ 15V 8.5 Mz
Cis Signal Input Capacitance 8.0 pF
Cos Signal Output Capacitance Voo -~ 10V 8.0 pF
Cios Feedthrough Capacitance Vg OV 05 pF
Cin Control Input Capacitance 50 75 pF

aparabon
Note 2 Vyy -~ OV unicas otheiwise spached.

‘AL Pararmaters are guaranised by OC correlntnd wssng

Note 1 Absouse Manmum Fabngs™ ars Ihose vaes beyond which M salety of the devion cannot be guarartesd. They am not meant 10 imply hat the devoes
shoud ke coeratid at Mese (mits. The taties of "Hecommended Operating Conditons and "'Electreal Charactersics’' provide condbons for achl devee

' e
PRp—_
Ve "y
[ap—
L

Note X Thase davicas shoukd not be cornectod 1o orcuts with tha powsr “ON™
Note & In &l casas, 1here is anoroxmately 5 pF of piobe and O Capaotance In the oulput; howaver, 1YA cCapantance u incladed N C wheraver I 8 apected.
Note & V. 5 e voltage &t the n/out pn and Vog |8 the votage at tha out/in pin. Vo & 1 voage &t the contrel input
Note & Condtions for Vauc: ) Vig ~ Voo lgs = ttandard 8 seres koy B Vig = OV, gy~ standard B sanes g

AC Test Circuits and Switching Time Waveforms
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FIGURE 3. tpz,, tpyz Propagtion Delay Time Control to Signal Output
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Appendix F.4. Datasheet of the Multiplexers CD4051 and CD4052.

ﬂNan'onal Semiconductor

October 1989

CD4051BM/CD4051BC Single 8-Channel Analog

Multiplexer/Demultiplexer

CD4052BM/CD4052BC Dual 4-Channel Analog

Multiplexer/Demultiplexer

CD4053BM/CD4053BC Triple 2-Channel Analog

Multiplexer/Demultiplexer

General Description

These analog multploxers/demulliplexors aco digitally con
rolled analog switches having low “ON" impedance and
very low “OFF" leakage currents. Coatrol of analog signals
up o 15V, can bo achioved by digital signal ampiiudes of
3-15V. For examplo, If Vo - 5V, Vgg - OV and Vgg - — 5V,
analog signads from — 5V lo ' 5V can be controlled by digl-
tal nputs of 0-5V. The multiplexor circuts dissipate ox-
romoly low quiescont power over the full Voo ~Vss and
Voo~ Veg supply voltage ranges, independent of the logic
state of tha control signals. When a logical "1 s prosent at
tha inhibxt input termingd all channols e “OF F™
CO40518M/CD40518C s a single 8.channel multploxor
having theoe binary control inputs. A, B, and C, and an inhibit
nput. The thvee binary signals seloct 1 of 8 channels to be
turnod “ON” and connect the input to the output
CD40528M/CD40528C is a dfferontial 4.channol multiplox-
o having two binary control inputs, A and B, and an Inhibst
nput. The two binary input signals select 1 or 4 pairs of
channols to be turned on and connect the diferential ana-
log Inputs 10 the differential outputs.

COA0538M/CD40538C & a viplo 2-channol mulliplexor
having throe separate digital control inputs, A, 8, and C, and

an Inhibit input. Each conirol input solocts ono of a pair of
charnals which are connected in a single-pole double-throw
configuration

Features

® Wide range of digital and analog signal lovols: digital
3-15V, analog to 15V,

8 Low "ON" resistance: 801} (typ ) over antice 15V, wg-
nakinput range for Vpp —Vee -~ 15V

8 High "OFF" resistance: channol leshage of + 10 pA
(typ.) ot Vpo ~Ves 10V

8 Logic level conversion for digital addrossing signals of
3=15V (Vpp ~Vss * 3=15V) 1o switch analog signals 1o
15 V.o (Voo - Vg - 15V)

® Malched swiich charactenstics: ARon - 51t (typ) for
Voo ~ Vee - 15V

| Vary low quiescont power dissipation under all digital
control iInput and supply condiions: | W (yp) at
Voo~ Vss ~ Voo ~ Vee ~ 10V

8 Binary addross decoding on chp

Connection Diagrams
Duak-in-Line Packages
CD4051BM/CD40S1BC CD40528M/CD40528C
1 A 8 ¢ v, e i% Ao ¢

L Ve »

TOF ViEw

' L
p [ TR TT]
TOP VIEW

Ve LR
waor et
TOP VIEW

w asr

Yo Vw

Voo

TL/F e -1

Ordeor Number CD40518, CD40528, or CD40538

LU Mkl Narrw orat b Conpeabiom W e

MOANNIOL et = U § A
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Absolute Maximum Ratings Recommended Operating
If Millitary/Aerospace specified devices are required, Conditions
please contact nulﬂuld s:um Sales DC Supply Voltage (Vo) +5Vpgto +15Vpe
Office/Diustietors for Svallibiily ol epecications. input Voltage (Vi) OV 10 Vpo Voo
DC Supply Voitage (Von) ~05Vpoto +18Vpo
ingut Voltage (Visg) -05Vpc 1 Voo + 05 Veg mwwm) G Shie
vttt R =Ty SerClo rhc
akinLire 700 mW
Small Oulline: 500 mW
Lead Temp. {T;) (soldering, 10 sec) 260'C
DC Electrical Characteristics w2
Symbol Parameter Conditions. ~c S8, T125C | yons
Min  Max Min | Typ  Max Min  Max
‘oo Quiescent Device Current | Vpp =5V 5 5 150 pA
Vpo =10V 10 10 300 | pA
Vpo =15V 20 20 600 | wA
Sigeal (Vis) and Outputs (V,
Rom “ON™ Resistance (Posk | 7 =10kit | Vpp =25V,
for Ver < Vis = Voo) a“’.’;""' :‘5;0‘_’;3" 500 270 | 1050 w0 | o
Veg =0V
Voo =3V
=TV, "o 120 | 00 550 | 0
Vg =0V
Voo =7.5V.
:‘%‘o‘:’,:‘\', 200 50 | 240 320 | n
Vee =0V
ARy | A"ON™ Resstance =10kt | Vpp=25V,
Setween Any Two {ary channol | Veg= — 25V 10 a
Channeds selecied) or Vpo = 5V,
Vee =0V
Voo =5V
Veg—= -5V
of Vpp =10V, 0 n
Veg=ov
Voo =75V,
Vgg=—-75V
of Vpp =~ 15V, . a
Vee=0V
“OFF” Channel Leakage | Vpp =75V, Vegg=-73V
Current, any channel ON = £ 75V 1/O-0V +£50 £001| =50 +500 | nA
“OFF” Channel Leakage | nhibit- 75V CD2051 £200 2006 | £200 22000 nA
Current, al channeis Vpo =75V,
“OFF™ {Common vE--rsv CDe0s2 +200 004 | £200 +2000| nA
OUTAN) -0V,
IIO=*75V CD4053 +200 002 | 2200 +2000| nA
Control Inputs A, B, C and Inhibit
Vo Low Levol input Vollage | Veg = Vss fg = 1 kil lo Vgs
ks <2 pA on all OFF channels
Vis=Vpo theu 1 ka
Voo =5V 15 15 15 v
Vpo =10V a0 30 30 v
Voo =15V 40 20 <0 v
Vin wigh Level ingut Voltage | Vpp =5 as 35 as v
Voo—-10 7 7 7 v
Voo =15 1 11 1" v
htmman—“mmn-ﬂuhmmumhvmrww
ey are N0t mean © TRl hat e devces Sood be coerated o Mese it The hie of “Bacroe O or L dewce
oeenton
Note = Al woi g sl @™ 1 Vag wvam oherwss mwected
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DC Electrical Characteristics (ot 2) {Continued)
Symbol Parameter Conditions s e *85C | unis
Min Max Min  Typ | Max Min Max
N input Current Vo =13V, Vg =0V —01 —10-5 ~0.1 10 | pA
Vin=ov
Vop= 18V, Ve =0V s
Vipg =15V 01 10 0.1 1.0 pA
‘oo Quescent Device Curent | Vpp =5V 20 20 150 pA
Vop =10V 40 40 300 pA
Voo =15V 80 B0 500 pA
Signal Inputs (Vis) and Outputs (Vog)
Ron “ON" Resistance (Peak My =10k} | Vpp—=25V,
for Veg=Vis<Voo) (any channel | Vegg~ —256V
selected) ot Vpp= bV, 850 270 | 1050 1200 n
Ve =0V
Vop =5V,
Ve~ -5V
or Vpp— 10V, 330 120 400 520 n
Vs =¥
Voo = 7.5V,
Vgg =~ ~75V
o Vo= 15V, 210 w0 240 300 f
Ve =0V
ARgy | A“ON" Resstance A =10k | Vpp—25V,
Belween Any Two {ary channel | Veg = —25V 10 0
Channels selecied) or Vpp = 5V,
Veg =0V
Voo =35V
Ve = -3V
ot Vpp= 10V, " -
Ve =0V
Vpp=7.5V,
Vegg =~ 7.5V
or Vpp= 15V, 4 B
Ve =0V
“OFF™ Channel Leakage Voo~ 7.5V, Vg~ -75V
Current, any channed “OFF" | O/ = £ 7.5V, /0 =0V +50 =001 | +50 =500 | nA
“OFF" Channel Leakage inhibit=735v  CD2051 =200 =006 | +200 2000 | nA
Current, &l channels Voo =75V,
“OFF" (Common Veg=—-75V, CDaos2 =200 =004 | +200 2000 nA
OUT/IN) o/l=ov
HO=275V  CD40s3 1200 +002 | +200 12000 | nA
Control inputs A, B, C and inhibit
ViL Low Level inpud Voltage Ve~ Ves A = 1kt 1o Ve
lig <2 pA onall OFF Channels
Vis = Vpp thru 1 k0
Vpo =5V 15 15 15 | V
Vop =10V 30 30 30 v
Vpp = 15V L0 a0 40 v
ViH High Level input Voltage Vpp=5 35 35 35 v
Voo =10 7 7 7 v
Von =15 1 1 1 v
N Input Current Vpp =15V, Vg=0V —01 ~10-5 ~0.1 ~10 | pA
Vin=0ov
Vop=15V, Vg~V IR
Vin= 15V 01 10-5 | O 1.0 oA
Note 11 mswaumrmmm-oqnumv-ndmmwmwmamu-omtwm
They ore not meant 10 Faty et the devices shaud be oparaind &t these imts, The taids of “El dos condrions tor actunl devios
nperalon.
Note 2 Al velages mesrsd Wil mspect 10 Vgs USess 0Menwian specited.
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AC Electrical Characteristics® 1, - 25C 1= = 20 ns unless otherwise specified
Symbol Parametor Conditions Vop Min Typ Max Units
7R, Propagation Deday Time from | Vgg=Vss =0V av 600 | 1200 ns
P Inhibit 16 Signal Output Ay =1k 10V 225 | 450 s
(channel tuming on) Cy =50 pF 15V 160 | 320 "
e, Propagation Defay Time from | Veg ~Vgg =0V 5V 210 | 20 ns
iz Inhibit 1o Signal Output A=tk 1oV 100 | 200 ns
{channel tuming off) €y =50 pF 15V 75 | 150 o
Cm input Capacitance
Control nput 5 75 pF
Signal Inpet (IN/OUT) 10 15 pF
Cour Output Capacitance
{common OUT/IN)
CDe031 10V 30 pF
CD4052 Veg = Vgs =0V 0V 15 pF
CD4053 1oV L) pF
_Cios Foodthrough Capacitance 02 pF
Cep Power Dissipation Capacitance
CDe031 110 pF
CDe0s2 140 pF
CDe0s3 70 pF
Signal Inputs (Vis) and Outputs (Vos)
Sine Wave Response A =10k0
(Distortion) fys = 1kHr
Vis=5Vpe v 004 %
VeE =V = OV
Frequency Response, Charned | Ry =1 ki), Vg =0V, Vig = 5Vpp oV «© Mz
“ON™ {Sine Wave Inpult 20 logso Vos/Vis = ~3dB
Foedthrough, Channd “OFF™ | Ry = 1 kil, Vgg = Vgs = 0V, Vig = BV,
20log4p Vos/Vis = — 40 d8 it o » i
Crosstatk Between Any Two Ay =1 kil Vg = Vgs = 0V, VigiA) = 6V, 1oV 3 =z
Channels (frequency o1 40d8) | 20 logyo Vos(B)/Vis{A) ~ — 40 48 (Note 3)
v Propagation Detay Signal Vee = Vgs = OV sV 25 55 ns
LY Ingaut 10 Signal Output Cy =50 pF 1oV 16 | 36 ns
15V 10 25 ns
Control inputs, A, B, C and Inhibit
Contrad input 10 Sagnal Vee =~ Vgs = 0V, Ry = 10 ki) & both ends
Crosstalk of channel. 1oV 65 mV {peak)
Irput Square Wave Amphiude = 10V
v, Propagation Detay Time from | Vg = Ves =0V sV 500 | 1000 ns
M Address 10 Sgnal Outpat Cy =50 pF Y 1680 | 360 o
(channels “ON™ or "OFF™) 15V 120 | 240 ns
YAC Pu e Oy d oy DO d tweiryg.
Note 3 A1 are two art wary chenness with A Tumed “ON™ and 8 “OFF".




