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1. Executive Summary

Embedded Passives technologies for the manufacture of substrates were investigated as a Packaging and Assembly Technology for NASA Projects. Board Manufacturers for organic printed wiring boards (PWB) and ceramic low temperature co-fired ceramic substrates (LTCC) were researched. Substrates consisting of both embedded resistor and capacitor components were designed at JPL and purchased in the two different substrate technologies. There are a very limited number of board shops that produce Hi-Rel Aerospace Quality boards/substrates with both embedded resistors and embedded capacitors. High volume commercial PWB manufacturers building boards with both embedded components exist in abundance. There are a number of good quality board shops that manufacture hi-rel boards with just one embedded component, such as resistors.  The challenge here was to find manufacturers that could manufacture multiple embedded components. Embedded inductors were not investigated in this body of work.
Initial electrical measurements were taken on the resistors and capacitors of both substrates types. The results suggest that the PWB style embedded components were more consistent that the LTCC technology. It is suspected that the PWB was more accurate due to the process originating from a more high volume process; i.e. a more mature process. Future work in FY’04 will include environmental tests on the embedded substrates described in this body of work.
2. Background
Passive components refer to the type of electrical components that cannot generate power. Typical components are resistors, capacitors and inductors. They are a multi-billion dollar business, supporting electronic products in automotive, telecommunications, computer, consumer and aerospace industries, both for digital and analog-digital applications. Most of the passive components used today are discrete surface mount passive components that directly mount on the surface of a PC board. The primary functions of passive components are to manage busses, bias, decouple ICs, by-pass, filter, tune, convert, sensor and protect. Passive components are commonly referred to as "glue components" since they "glue" integrated circuits (ICs) together to make the system. Of all of the passive components used in the microelectronics industry today more than 95% of the components are discrete assembled by using surface mount technology (SMT) [1]. 

Embedded passives are buried (embedded or integrated) into the substrate material. The substrate might be a small piece of ceramic, a large FR-4 board, a small laminate package substrate or silicon. As long as the passive elements are an integral part of the substrate, they are called embedded or embedded passives. The deciding characteristic is that the passive component does not need to be mounted on or connected to the substrate. Although capacitors, resistors and inductors are all candidates for embedding, the greatest interest is currently focused on capacitors and resistors. Both capacitors and resistors can be embedded as individual, “singulated” components when a particular value is needed. Alternatively, if the capacitance only has to be greater than a minimum value, the capacitance can be distributed as an entire plane of capacitance between the power and ground planes in the PCB. 
The primary goal of embedding passives in the substrate has been to reduce the amount of surface area required for passive devices. However, by being located directly beneath the integrated circuit (IC) it services, an embedded passive has shorter leads and lower inductance, both of which result in improved electrical performance. Embedded passives have no solder joints, resulting in greater reliability. 
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Figure 1: Passive components, once confined to the board surface (top), can now be embedded in a substrate (bottom). Capacitors can be planar or singulated; resistors are singulated.
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Figure 2: A power and ground plane pairing can create a capacitance of 250 nF, eliminating 30 to 40% of the surface mount decoupling capacitors from a board.
The advanced electronics systems being designed and built today require greater component density for increased functionality. They also demand lower equivalent series inductance for increased speed as well as overall control of parametric resistances, capacitances, and inductances that produce electromagnetic interference. Although discrete component size reduction will continue, this can only address the first driver of integration – component density. 

3. Challenges
Today, the generic single board computer is generally composed of 5% integrated circuits, 4% connectors, 40% capacitors, 33% resistors and 18% miscellaneous parts. Clearly resistors and capacitors are the majority of components on any generic PCB. The target is to reduce the number of SMT resistors from 33% of the total components to 10% or less, increase the yield, while allowing the designers better signals and more surface real estate. It is easy to obtain some obvious advantages that embedded passives over discrete passives. They are size, weight, cost and performance. When the number of passive components is large, the cost of assembly can be quite large, including purchase, stocking, placement, test and repair. But for embedded passives, a parallel process can reduce it. 
Surface mount resistors and capacitors have inherent parasitic functionalities, due to their geometries. Embedded passives should reduce or eliminate the parasitics associated with the current passive packages. Besides, there are some intangible benefits for embedded passives; Improved wireability, higher reliability, reduction in part numbers, higher throughput in manufacturing assembly and increased yield in manufacturing assembly. The reliability, throughput and yield all need to proven before any real credibility can be given. On the other hand, embedded passives have limits too. They cannot provide wide range of resistor values. And tight tolerances are needed on their values. This also exists for embedded capacitors. In addition to these, the embedded passives need to hold their values over time and temperature. 

Low-temperature cofired-ceramic (LTCC) solutions are available for some RF functions.  Another method is to bury resistors, capacitors and inductors in advanced printed wiring boards (PWBs) and remove the SMD devices. 

a. Embedded Resistors

Embedded resistors are technically feasible and have demonstrated their capability to replace a large number of low value (10,000 ohms and under) resistors with a tolerance of plus or minus 12%. Therefore, the greatest challenges to feasible embedded resistors are:

· Resistor tolerance and sheet resistivity 
· Yields
· Rapid prototyping
· Cost
· Design capability
· Test capability
b. Embedded Capacitors

If embedded capacitor technology is to replace close to half of the low value ceramic chip capacitors, many technological break-throughs will need to occur over the next several years. For capacitors of 100pF to 0.01mF, a higher dielectric constant material, additional area, and additional board layer become necessary. The goal will be to obtain the highest dielectric constant, with the thinnest film, consistent with yield and processibility. The greatest challengers to feasible, high capacivity embedded capacitors are:

· Design and test capabilities 

· Thin, low cost and high dielectric constant material
· Defects free manufacturing
· Planar constructions and surfaces
4. Task Objectives

The major objectives of this task were:

· Investigate materials used for resistors and capacitors used in organic (PWB) and inorganic (LTCC) boards,

· Investigate board/substrate manufacturers that can manufacture Hi-Rel substrates with both resistors and capacitors,

· Design and layout boards/substrates incorporating resistors and capacitors in the same structure,

· Purchase substrates with embedded resistors and capacitors from an PWB and LTCC vendor,

· Investigate the ranges of values for embedded resistors and capacitors and,

· Investigate the precision, or at least the reproducibility, of these components.
5. Major Materials
a. PCB Resistor and Capacitor Materials

i. Embedded Resistor Materials

 “Ohmega-Ply” was developed in the early ’70s. Available from Ohmega Technologies as a laminate, it is constructed with virtually any dielectric. It is made by depositing a thin film of nickel phosphorous to one side of copper foil, then bonding that foil (NiP inward) to a specified dielectric material clad with copper foil on the other side. “Ohmega-Ply” is available in sheet resistances of 25, 50, and 10with a tolerance of +/-5%. It should be kept in mind that these are sheet resistance tolerances of the raw material. When they are defined as discrete resistors, the processing tolerance must be considered. As such, the final untrimmed resistor tolerances will be in the range of 15 to 20%. The material is also laser trimmable to 2 to 3%. The material has a history of reliability. It is limited only by its resistance range and the presence of nickel on the bottom of the conductor traces, which may cause losses in high-speed applications.[2]
MacDermid is researching a thin-film plated resistor that can be selectively applied directly to innerlayers. Merix is working with MacDermid to integrate this process into PCB manufacturing. The process, called “M-Pass,” is similar to “Ohmega-Ply” in that it uses nickel phosphorous as the resistive element. “M-Pass,” however, does not leave a deposit of the resistive material under the copper traces. The resistor is selectively deposited using a modified electroless process.[3] 

ii. Embedded Capacitors Materials
In parallel with the DuPont and MacDermid research, 3M has been working aggressively through the Advanced Embedded Passive Technology consortium (AEPT) and prior consortia on a planar capacitance material. 3M’s material, “C-Ply,” is an extremely thin laminate comprised of copper foil on the outside separated by a barium titanate-filled epoxy resin dielectric. With a dielectric constant in the range of 14 to 18 and thickness from 0.00016½ to 0.001½, capacitance densities are achievable from 5 to 30 nF/in 2.

Motorola, in partnership with Vantico AG, developed “ProbelecT CFP” (ceramic-filled photodielectric) mezzanine structure for embedded capacitance.[4] Its principle is simple. The finished structure is a multiplayer board with the capacitor plates defined by layers 2 and 3. The layer 3 plate is connected to traces on layer 3. The layer 2 plate is connected to layer 1 by means of a microvia. These are formed by a fairly conventional process of coating, laminating, printing, etching, and developing, followed by the application of a microvia to connect the capacitor to layer 1. Key to this process is the photosensitive dielectric and the ability to apply it in controlled thickness to the smooth solid-copper surface of the sub-core (layer 3). The capacitance density of this process is about 10 nF/in2. 
“SIMOV” (“Siemens Multiple Overlay Vias”) is a structure combining embedded “BC 2000” capacitance layers with organic thick-film screen-printed resistors and microvias. [5] This was a development of Inboard (now co-owned by Siemens and Sanmina-SCI). The structure works as follows: A multilayer sub-composite core is fabricated incorporating “BC 2000” layers. The outerlayer core surfaces are printed and etched with resistor termination patterns. The polymer thick-film resistor pattern is screenprinted in the appropriate locations and cured. A laser-formed microvia structure is built outward from the resistor layer(s), incorporating one or two microvia layers, depending on the routing requirements. (This is also described by Siemens as an “Integrated Passive Microvia Structure.”) Microvias may be constructed with FR-4, BT resin, or resin-coated copper. The integrated passive layers consist of up to two capacitor cores using thin FR-4 (“BC 2000”), and up to two resistor layers with values ranging from 20 to 470,000with resistance tolerance of +/-25%. Due to cost, the “SIMOV” process does not trim resistors, i.e., specific applications must be compatible with the high resistance tolerance.
b. LTCC Resistor and Capacitor Materials
LTCC is the technology of choice for passive integration of RF modules. LTCC displays the widest range of dielectric properties available for any packaging technology, enabling the incorporation of passive components.[6]  The process flow for LTCC allows for the simultaneous processing of individual layers. A layer is formed by first punching interconnecting holes (vias) and then filling them with a conductive metal, usually silver or palladium-silver. The circuit conductor runners are then applied to the tape usually through a screen printing process and the layer is then ready for inspection. The concurrent processing and inspection of each layer along with the single firing step offers a key advantage for LTCC over thick-film on alumina ceramic. The primary advantage that LTCC technology has over FR4 technology is that chip capacitors, resistors and inductors can be placed inside the LTCC substrate, which enables a greater integration of passive components. LTCC’s biggest shortcoming has been that it shrinks 10%-20% during the firing process. However, Hereaus-Cermalloy recently produced a “zero-shrink” raw material system for LTCC substrate manufacturers, which may solve the shrinkage problem and tilt the odds strongly in favor of LTCC.

LTCC has a thermal conductivity of 3 W/moK compared with 24.7 W/moK for 96% alumina and 1.7 W/moK for organic laminate FR-4. LTCC provides wider components value range compare to other technologies. 0.1Ω to 10 MΩ for resistors under the tolerance of 25%, 4pF to 0.04F for capacitors with the typical tolerance from 5 to 10%,

The largest suppliers of LTCC components and modules to the merchant market are the traditional MLCC capacitor manufacturers (Murata, Kyocera, TDK, Taiyo Yuden, Panasonic, EPCOS) and the traditional resistor network manufacturers (such as CTS Corporation, C-Mac, and MMC). MLCC manufacturers in Taiwan and Korea are also investing in LTCC capabilities.

i. Embedded Resistor Materials

Raw material suppliers, such as Du Pont, Ferro and Hereaus, are competing against in-house captive raw material development by such companies as Murata and Kyocera. Substrate manufacturing is done by still more companies, such as Sumitomo, CTS, Kyocera and Sorep. Hitachi Metals and Ericcson (and others) provide module assembly services. Many companies, including Motorola and Lucent, have placed their brand name on LTCC products made by other module manufacturers, while other manufacturers, most notably Robert Bosch, have captive LTCC production capabilities.

Resistors: Generally comprised of ruthenium oxide (RuO2) or tantalum oxide(Ta2O5).4
These devices are made in the structure of multilayer capacitors, and can be

fabricated with RuO2-based resistive inks in place of traditional, conductive electrodes

embedded in the low K, DuPont 951 dielectric system.18
ii. Embedded Capacitors Materials
Low Temperature Cofired Ceramics (LTCC) is seen as a potential solution for achieving a new integrated packaging technology from a combination of thick film and low temperature cofired dielectrics. LTCC has many advantages such as it allows high density of lines throughout the part, be able to construct various geometries of interconnects by layer cut outs, good heat transfer ability, etc. 

Capacitors: Generally comprised of silicates or titanates. Developed by the Kyocera Central Research Laboratory, this substrate/packaging technology integrates three (3) dielectric constant materials, BaTiO3, CaTiO3, and magnesium silicate (Mg2SiO4).
6. Results

a. Suppliers

Many suppliers were contacted by phone and asked if they built Hi-Rel or Space quality boards and if so, could they embed both resistors and capacitors in the same substrate. Below is the short list based on the above criteria.
i. PWB Based Suppliers

· Tyco Electronics (Oregon), 

· Coretek Denver (Denver, CO), used to be called SAS Circuits

· Crown Circuits (Los Angeles, CA), 

· Compunetics (PA). 

ii. LTCC Based Suppliers

· Kyocera

· C-MAC MicroTechnology

One supplier from each of the above categories was selected by using a combination of the following criteria (listed in no particular order): 1) familiarity with vendor, 2) responsiveness to submitting a quotation for the build, 3) willingness to build a small lot of test boards/coupons, 4) price, and 5) delivery. 
b. Substrate/Board Layout
The companies selected for this evaluation were: 

· Compunetics for the PWB and, 

· Kyocera for the LTCC substrates.
Due to cost constraints, 80 PWB substrates and 15 LTCC substrates were purchased for this task. It is obvious from the totals that the PWB technology is much less expensive than the LTCC technology. What follows is a description of the layout of the resistors and capacitors on each technology. 
i. PWB Substrates

The resistor material chosen for the PWB substrates was Ohmega-Ply manufactured by Ohmega Technologies. The component sizes were chosen by the limits of the technology for the resistors. Resistor materials are usually quoted as /. A matrix of resistor sizes was selected based on the comfort level of the board shop as far as length and width of the resistor material. Comfort level is not a definitive term but board shops do know what ranges tend to work and have recommendations based on previous builds. Also, our substrate helped to dictate the resistor size.  A table of the experimental design is shown below for the PWB using the Ohmega-Ply material.  
The main factors considered were: length, width, length-to-width ratio and orientation to the edge of the board, i.e. the x and y direction. For the Ohmega-Ply material there is a known variation in grain structure in the x and y directions so it was added to the test matrix. Notice that there are 12 resistors per side for a total of 24 resistors per substrate. The dimensions are shown below in the table.
	Resistor sizes for Ohmega Ply
	
	
	

	Largest Length = 0.500"
	
	
	
	

	Smallest Length = 0.020"
	
	
	
	

	#
	Orientation
	Ratio
	Length (in)
	Width (in)
	Area (in^2)
	Area (mils^2)

	1
	x
	3
	0.500
	0.167
	0.08333
	83333.33

	2
	x
	2
	0.283
	0.141
	0.04000
	40000.00

	3
	y
	1
	0.289
	0.289
	0.08333
	83333.33

	4
	y
	1
	0.289
	0.289
	0.08333
	83333.33

	5
	y
	3
	0.346
	0.115
	0.04000
	40000.00

	6
	x
	2
	0.283
	0.141
	0.04000
	40000.00

	7
	y
	1/2
	0.020
	0.040
	0.00080
	800.00

	8
	y
	3
	0.346
	0.115
	0.04000
	40000.00

	9
	x
	1
	0.028
	0.028
	0.00080
	800.00

	10
	x
	1
	0.028
	0.028
	0.00080
	800.00

	11
	x
	3
	0.500
	0.167
	0.08333
	83333.33

	12
	y
	1/2
	0.020
	0.040
	0.00080
	800.00


The capacitor material used in the PWB substrates was a difficult choice as it was a toss-up between a material manufactured by 3M called C-Ply and a material called Intarsia. The board manufacturer had more experience with Intarsia, so that was the material selected for the capacitors. The capacitor layout was decided to go with individual capacitors for this evaluation rather than have a capacitor distributed throughout the substrate with the power and ground planes doubling as the top and bottom plates. This way a matrix of values could be evaluated. The limiting factor in this matrix was the size of the substrates as to get larger capacitance, larger plates are required. The design is shown in the table below.
	Capacitor Sizes
	
	

	Largest Length = 0.75"
	

	Smallest Length = 0.04
	

	#
	x & y Length (in)
	Area (in^2)
	Area (mils^2)

	1
	0.75
	0.5625
	562500

	2
	0.51
	0.2601
	260100

	3
	0.51
	0.2601
	260100

	4
	0.28
	0.0784
	78400

	5
	0.28
	0.0784
	78400

	6
	0.16
	0.0256
	25600

	7
	0.16
	0.0256
	25600

	8
	0.04
	0.0016
	1600

	9
	0.04
	0.0016
	1600

	10
	0.04
	0.0016
	1600


Notice with the capacitors that there are a total of 10 capacitors (as compared to 24 resistors) as there are not any top and bottom just two plates centrally located. 

ii. LTCC Substrates

The ceramic material used in the manufacture of the substrates is Ferro A6M. Much like the PWB substrates the component sizes were chosen by the limits of the technology for the resistors. A matrix of resistor sizes was selected based on the ranges that Kyocera tended to use and have recommendations based on previous builds. A table of the experimental design is shown below for the PWB using the Ohmega-Ply material.  

The main factors considered were: length, width, length-to-width ratio and orientation to the edge of the board, the same as the PWB boards.  Notice that there are 12 resistors per side for a total of 24 resistors per substrate. The dimensions are shown below in the table.

	Resistor Sizes for LTCC
	
	
	
	

	Largest Length = 0.100"
	
	
	
	

	Smallest Length = 0.010"
	
	
	
	

	#
	Orientation
	Ratio
	Length (in)
	Width (in)
	Area (in^2)
	Area (mils^2)

	1
	x
	3
	0.100
	0.033
	0.00333
	3333.33

	2
	x
	2
	0.059
	0.030
	0.00175
	1750.00

	3
	y
	1
	0.058
	0.058
	0.00333
	3333.33

	4
	y
	1
	0.058
	0.058
	0.00333
	3333.33

	5
	y
	1/3
	0.024
	0.072
	0.00175
	1750.00

	6
	x
	2
	0.059
	0.030
	0.00175
	1750.00

	7
	y
	1/2
	0.010
	0.020
	0.00020
	200.00

	8
	y
	1/3
	0.024
	0.072
	0.00175
	1750.00

	9
	x
	1
	0.014
	0.014
	0.00020
	200.00

	10
	x
	1
	0.014
	0.014
	0.00020
	200.00

	11
	x
	3
	0.100
	0.033
	0.00333
	3333.33

	12
	y
	1/2
	0.010
	0.020
	0.00020
	200.00


The capacitor layout for the LTCC substrates are the same as for the PWB substrates as the size of the substrate dictates the size and distribution of the capacitor components.
The resultant substrate structures are shown below in Figure 3 .  Notice that the resistors are actually surface resistors and that the resistors for the PWB are much larger that the LTCC resistors. 
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Figure 3: Photos of the a) PWB substrate and b) LTCC substrate

c. Resistor and Capacitor Data

Raw room temperature data was collected from the substrates (30 PWB and 15 LTCC) to represent the as-received condition. The data was measured on a Hewlett Packard 4263A LCR Meter at 1 Khz. The raw data is available in the Appendix of this report. DC measurements were taken as a first look at these technologies. Future work to measure performance over a range of frequencies is planned for FY’04. Reliability and other data such as thermal coefficient of resistance and capacitance will be reported in the FY’04 report.
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Figure 4: Room Temperature resistance data from 30 PWB substrates. The resistors are labeled R1 through R12 with “F” standing for front (side 1) and “B” standing for back (side 2). 

Figure 5: Room Temperature resistance data from 15 LTCC substrates. The resistors are labeled R1 through R12 with “F” standing for front (side 1) and “B” standing for back (side 2).
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Figure 6: Room Temperature capacitance data from 30 PWB substrates. The capacitors are labeled C1 through C10 with “F” standing for front (side 1) and “B” standing for back (side 2).
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Figure 7: Room Temperature capacitance data from 15 LTCC substrates. The capacitors are labeled C1 through C10 with “F” standing for front (side 1) and “B” standing for back (side 2).
7. Discussion
The experience gained through this task thus far is that the PWB process data for the resistors are initially more consistent than the resistors for the LTCC substrates. The capacitor materials for both technologies appeared to both be very consistent. In FY’04 work, reliability stresses will show which technology is more stable over time and temperature.  

The PWB substrate resistor data appear to be from different distributions as illustrated in Figure 4. The front side (side 1) resistors are consistently higher in value than resistors on side 2. The LTCC resistors have more variability than the PWB resistors but data from both sides are statistically the same in value.

Embedded resistors save valuable board area and can improve reliability (by elimination of hundreds of solder joints required for SMT resistors). Reliability and history are the two primary drivers behind thick-film ceramics for embedded resistors and capacitors. Thick-film ceramics are reliable because of the inherent stability of the inorganic materials used, including their resistance to moisture, temperature, thermal shock, and electrostatic discharge. They have been in production in the ceramic passive component and ceramic hybrid industries for many years. Embedding them in PCBs involves merging a pair of time-proven technologies: thick-film processes and multilayer processes. Conventional PCB methods are used to apply ceramic materials to copper foil. The process control has proven to be very manageable and not significantly unlike application to ceramic substrates. Standard PCB manufacturing can precisely reproduce conductor images in virtually unlimited geometries. The merger of ceramic thick-film and PCB technologies occurs when the foil carrying ceramic components is laminated into a MLB structure and the component termination is formed using print-and-etch methods. These processes are very similar to conventional MLB lamination and imaging processes and are easily controlled and managed. 
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9. Appendix

a. PWB Resistor and Capacitor Layout
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	b. LTCC Resistor and Capacitor Layout
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c. PWB Raw Room Temperature Data 
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d. LTCC Raw Room Temperature Data 
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70.7

73.05

6.951563

R5

25.4

25

27.2

22.1

23.9

24.8

24.9

21.4

26.7

26.2

23.3

27.5

20.9

23.5

24.48571

2.083952

R6

167.5

162.2

172.4

146.7

159.6

163

164.8

138.6

183

172.8

156.9

179.8

133

154.4

161.05

14.46831

R7

41

41.6

42.4

38.2

37.6

41.7

41.4

34.4

44.7

41.1

38

43.6

32.2

36

39.56429

3.605254

R8

26.5

24.8

26.7

22.9

25.8

25.9

27

21.1

28.1

27.9

24

26.3

23.4

25

25.38571

1.989146

R9

90.4

90.3

91.2

83.1

78.5

91.9

91.5

73.2

99.5

90.7

82.4

95.8

71.1

78

86.25714

8.579377

R10

98.2

90.7

90.9

82.8

87

89.9

97.3

71.6

101.2

94.7

85.2

95.1

71.9

81.3

88.41429

9.139589

R11

260.7

259.9

262.3

231.9

242.9

265.8

256

230.3

292.4

279.1

251.5

272.3

207.4

241.4

253.85

21.9104

R12

43.9

41.5

41.6

37.8

39.1

40.6

41.3

33.9

45.9

42.8

39.5

42

32.3

37.5

39.97857

3.693691

C1

223.4

219.2

217.7

223.5

220.3

219.7

221.2

218

218.5

219.6

220.3

219.9

223.2

219.2

220.2643

1.916972

C2

105.1

102.7

102.3

104.4

103.8

103

102.9

102.2

103.1

103.1

103.7

102.3

104.9

103.3

103.3429

0.93209

C3

24.6

24.2

24.4

24.6

24.3

24.7

24.4

24

24.6

25

24.2

24.3

24.7

24.2

24.44286

0.268082

C4

33.1

32.8

32.7

33.3

32.7

32.8

32.3

32.4

32.7

32.6

32.6

32.5

32.8

32.6

32.70714

0.258589

C5

14.1

13.7

13.8

13.8

13.9

14

14

13.7

14.2

14.1

13.5

13.5

13.8

13.3

13.81429

0.259755

C6

12.8

12.5

12.4

12.8

12.6

12.6

12.4

12.5

12.6

12.4

12.6

12.6

12.6

12.5

12.56429

0.127745

C7

14

13.7

13.7

14

13.7

13.9

13.6

13.6

13.9

13.8

13.6

13.4

14

13.9

13.77143

0.185757

C8

2.4

2.4

2.3

2.3

2.4

2.4

2.3

2.3

2.4

2.5

2.4

2.4

2.4

2.2

2.364286

0.074495

C9

2.4

2.3

2.3

2.3

2.3

2.3

2.3

2.3

2.3

2.4

2.3

2.3

2.3

2.3

2.314286

0.036314

C10

2.8

2.7

2.7

2.7

2.7

2.7

2.7

2.7

2.7

2.8

2.7

2.7

2.7

2.7

2.714286

0.036314
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