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Abstract: This paper presents the methodology and results of a force interlaboratory comparison programme carried out by CETEC (Brazil) and IDIC (Chile). The programme followed the prescriptions of the 2004-2006 medium force BIPM-CCM key-comparison protocol. It was estimated the best measurement capability of IDIC's Force Laboratory for the realised forces of 500 N and  1000 N.
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1. INTRODUCTION
The Institute for Research and Control (IDIC) is part of the Chilean Army. IDIC is responsible for testing and for the approval of all military material procured by the Chilean Army. Furthermore, the maintenance of the Chilean national standards of force is under the responsibility of the Force Laboratory of IDIC. 
The Technological Centre (CETEC) Foundation of the State of Minas Gerais, Brazil, is an industry-oriented research institute. CETEC works in several fields, including the metrology of mechanical quantities. The realisation, maintenance and dissemination of the unit of force are in charge of the Isaac Newton Laboratory of the Physical Testing Sector of CETEC.

1.1.  Forces  realised by the Force Laboratory of IDIC

Discrete forces in the 50 – 1000 N range are realised by the Force Laboratory of IDIC by means of a 1 kN dead-weight machine developed and built by the laboratory itself. Forces from 500 N up to 3 MN are continuously realised by 22 HBM reference force transducers coupled to signal conditioners of the same make, and three Morehouse universal calibration force transfer standard machines (50 kN, 500 kN and 3 MN). The transducer-realised 500 N – 3 MN forces are traceable to the Germany reference standards maintained by Physikalisch-Technische Bundesanstalt (PTB). 
The best measurement capability (BMC) of IDIC's Force Laboratory is declared to be 200 ppm for the forces realised with the dead-weight machine in the 50 – 1000 N range. The BMC is estimated as 500 ppm for the 500 N – 500 kN forces realised with reference transducers [1, 2]. Finally, for the higher 500 kN – 3 MN force range, BMC is 1000 ppm [2].
1.2.  Forces  realised by the Isaac Newton Laboratory

The Isaac Newton Laboratory realises forces up to 50 kN by means of dead-weight standards machines. Forces above this value, up to 1 MN, are realised with reference force transducers and Morehouse universal calibration machines. The dead-weight machines are two Morehouse devices, of nominal ranges 5.2 kN (MGL) and 50 kN (MNZ), in addition to a 110 N machine, developed by the Laboratory [3]. Reference force transducers are 42 HBM devices which are coupled to signal conditioners of the same make. In this case, forces are continuously realised in the range 10 N to 106 N. Forces are traceable to the Brazilian reference standards maintained by INMETRO. Best measurement capabilities of the Laboratory range from 70 – 40 ppm for the forces realised with the aid of dead-weight standard machines [3]. On the other hand, transducer-realised forces yield a BMC of 200 ppm.

1.3.  Force interlaboratory comparison programme
This paper presents the methodology and results of a small forces interlaboratory comparison programme carried out by CETEC and IDIC with the aim of measuring the deviation of the forces realised by the latter relatively to the reference forces maintained by the former. Another objective of the programme was to find an estimate of the BMC of IDIC's Laboratory for the 500 N and 1000 N forces as realised with the aid of the dead-weight-machine.
2. METHODOLOGY

2.1. Reference machine
The reference machine is a dead-weight  5.2 kN force standard manufactured by Morehouse Instrument Co. Inc., of York, Pennsylvania, USA. The machine complies with NIST requisites for primary standard force machines [4]. In addition to the dead-weights, the machine is composed by a loading frame, itself a dead-weight, and a fixed frame onto which is mounted an adjustable loading stage. All dead-weights including the loading frame are made of AISI-304 stainless steel. The machine is manually operated by means of mechanical weight elevators (Fig. 1).
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Figure 1 – Reference machine (MGL)

2.2. IDIC's 1 kN force standard machine

The 1 kN dead-weight force standard machine of the Force Laboratory of IDIC operates under the same principles as the reference machine (Fig. 2). 
[image: image2.jpg]



Figure 2 – IDIC's 1 kN force standards machine

2.3. Transfer standards and ancillary devices

The programme employed as common instruments a 1 kN HBM C3H2 force transducer, and an HBM BN100 reference bridge. IDIC Force Laboratory and the Isaac Newton Laboratory of CETEC used their own HBM DMP40 signal conditioners (absolute mode, excitation 5 V, range ±2.5 mV/V, 10-6 resolution, 0.22 Hz Bessel filter). Except for the signal conditioners, all instruments used as transfer standards are properties of CETEC. Each laboratory used its own ancillary devices, e.g., load pads and centering pieces. 
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Figure 3 – Measurement protocol
2.4. Measurement protocol

The programme was guided by the prescriptions of the measurement protocol especially laid out for the 2004-2006 medium force BIPM-CCM key-comparison undertaken by INMETRO [5]. The protocol included the procedures, which were followed by both laboratories, and an MS-Excel® spreadsheet with the measurement steps, that is, sequences of force levels and time intervals between them. A deviation from the prescriptions was the excitation voltage, prescribed to be 10 V and agreed by CETEC and IDIC to be 5 V. The requisites laid out by the measurement protocol are represented by the flowchart of Figure 3.
Both the DMP40 signal conditioners checks carried out with the BN100 reference bridge and the measurement of the environmental parameters in the laboratories (Figure 3) were performed merely to verify the stability of the force measurement conditions. No corrections were made on the force values, derived from these results. All cases considered, temperature in IDIC Force Laboratory ranged from 20.4 oC to 22.1 oC; the relative humidity range was 43% – 46 %; and atmospheric pressure lied in the range 960 – 961 hPa. The corresponding ranges for the Isaac Newton Laboratory were 22.5 – 23.5 oC, 48% – 51%, and 916 – 926 hPa.
As a complement to the protocol requisites, and in order to take transducer drift into account, a circular procedure was adopted, by which the forces generated by CETEC's reference machine were measured in two cycles, that is, before and after the measurements performed at IDIC Force Laboratory. The first and second CETEC measurement cycles – respectively the 1st. and 3rd. cycle of the programme – were performed in 2007-09-14 and 2007-12-20. On the other hand, measurements at IDIC took place in 2007-09-25.
2.5.  Forces and measurement steps

For each cycle, besides the zero-force state response, the forces measured within the scope of the protocol were 500 N and 1000 N, in compression. For this force triplet, that is, 0-500-1000 N, 94 measurement steps were performed, 31 for each force plus a final return to the zero-force state. A 360 s interval was observed between subsequent readings. Figure 4 shows the first 28  measurement steps for the 0-500-1000 N force triplets. In Figure 4, figures on the x-axis of the graph represent the measurement steps at zero-force states. 
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Figure 4 – The first 28 measurement steps of each cycle
With the transducer positioned at an arbitrary zero-degree fixed reference on the machine platten, three pre-loads were applied to the nominal values of the forces to be measured by each machine (sequences starting at steps 1, 4, 7, and 10 in Figure 4). Still at the zero-degree position, the transfer standard signal output for each force was recorded three times in succession (sequences starting at steps 13, 16 and 19). The transducer – together with the ancillary devices – was then rotated to the 60˚ position. At this point, a pre-load sequence was applied (starting at step 23) and the output signal was successively recorded for each force (starting at step 25 and ending at step 28). After these measurements were completed, the transducer was rotated to the other positions (120˚, 180˚, 240˚, 300˚, and 0˚) and measurements were made corresponding to those made at the 60˚ position. After the transducer had been rotated a complete turn, the process was once repeated for all positions (60˚, 120˚, 180˚, 240˚, 300˚, and 0˚).

3. RESULTS AND DISCUSSION
3.1.  Comparison force value

Comparison force values are defined as the mean net signals, in mV/V, measured at each rotating position. Net signals were calculated by subtracting the zero-force signal from the absolute signal recorded at a given non-zero force. It was then calculated the mean of each two net signals for the measurements made at each position. Furthermore, for the measurements performed by CETEC, it was calculated the grand mean of the mean net signals obtained in the two measurement cycles (1st. and 3rd.) and this grand mean was employed for the estimation of the best measurement capability of the Force Laboratory of IDIC.
3.2.  Transducer-machine interaction

Transducer-machine interaction patterns were graphically compared by plotting the coefficients of variation for each comparison force value, calculated  for the corresponding measurement cycles (Figure 5). A comparison between the coefficients of variation calculated for the initial and final measurement cycles gives an idea of the stability of the measurements, as influenced by drift and by the reproducibility of the forces measured by the system transfer standard + force machine. 
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Figure 5 – Drift of reproducibility
3.3.  Best measurement capability

Measurement results were analysed using an established methodology [6], which consists of: (i) an estimation of the uncertainty of the reference values; and (ii) an assessment of the deviation of the indicated force values relative to the reference values; (iii) an evaluation of the lack of repeatability observed in the measurements made with IDIC's machine; and finally (iv) an estimation of the best measurement capability of the IDIC's Force Laboratory. 

Due to the adopted measurement protocol, hysteresis was not considered as an influence to BMC. The components taken into account for the estimation of the uncertainty of the reference forces were the estimated uncertainty related to the realisation of forces by the reference machine, the lack of repeatability and drift. 

3.3.1  Uncertainty of the reference values

Reference values are the comparison force values produced by the transfer standard when calibrated by the reference standard (MGL), whereas force values are the comparison force values produced by the transfer standard as stimulated by the forces generated by  IDIC's machine.
The reference values are affected by the uncertainty WMGL of the forces generated by MGL, FMGL, estimated in a previous intercomparison programme – in which the reference standards were the  Brazilian national force standards [3] – and also by the uncertainties of the values indicated by the transfer standards. The main influences to the uncertainty of these indicated values are presented in Table 1.

Table 1 – Main uncertainty components of the values indicated by the transfer standard

	Uncertainty component and estimator
	Half-width, a
	Probability distribution
	Estimator variance

	Mean value variation, expressed by the lack of repeatability of the indications of the transfer standard in fixed positions, relatively to the mean 
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	Relative variation of the transfer standard sensitivity caused by drift over the time lapse between the 1st. and 3rd. calibration cycles, D. 
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It is thus possible to express the relative standard uncertainty of the values indicated by the transfer standard, w(Ktsd) (1). 
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The corresponding expanded uncertainty, Wtsd, is expressed by (2).
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in which k is the coverage factor for a given confidence interval, for instance, 95%.

Therefore the relative standard and expanded uncertainties of the reference values can be expressed by (3) and (4), respectively:
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Figure 6 shows the influence of the considered components, as measured by their variances, to the uncertainty of the reference values. In this Figure it is clear that the main component of the uncertainty of the reference values is the uncertainty of the forces realised with the reference machine, MGL.
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Figure 6 – Uncertainty components of the reference values

3.3.2  Uncertainty of the realised forces

Table 2 presents the uncertainty components which influence the best measurement capability of the Force Laboratory of IDIC, when the machine under comparison is employed to realise forces.

The relative deviation between the force values realised with IDIC's machine and the reference values were calculated as 100 ppm for the 500 N force, and 64 ppm for the force of 1000 N.

The components presented in Table 2 are combined to result in the relative standard uncertainty, wIDIC (5),  and in the expanded uncertainty, WIDIC (6),  of the force values generated by the IDIC's machine.
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Table 2 – Uncertainty components the forces realised with IDIC's machine

	Uncertainty component and estimator
	Half-width, a
	Probability distribution
	Estimator variance

	Relative deviation between the force values realised with IDIC's machine and the reference values, D
	adev
	triangular
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	Relative lack of repeatability,R, of the forces realised with IDIC's machine, as determined by means of the measurement series carried out at fixed positions of the transfer standard (whose influence to the uncertainty is, for this effect, considered negligible)
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3.3.3  Best measurement capability

With wIDIC calculated according to (5) and with the uncertainty wref of the reference values, it is possible to estimate the best measurement capability of the Force Laboratory of IDIC, when realising forces with its 1 kN machine (7).
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The values obtained in this estimation were 120 ppm and 95 ppm, respectively for the 500 N and 1000 N forces realized by the Force Laboratory of IDIC. Figure 7 shows the influence of the BMC components, as measured by their variances. In Figure 7 it can be noticed that the reference values influence the BMC of IDIC's Force Laboratory more markedly for the 1000 N force than for the 500 N force.
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Figure 7 – Influences to BMC

4. CONCLUSIONS

The intercomparison of forces realised by the Force Laboratory of IDIC and the Isaac Newton Laboratory of CETEC have shown that the relative deviation of the 500 N and 1000 N forces are respectively 100 and 64 ppm. For these forces realised with the 1 kN dead-weight machine, the resulting BMC of IDIC's Force Laboratory is situated in the vicinity of the 1 x 102 ppm level.
The stability of the measurements performed with the reference transducer + MGL system was confirmed by the analysis of the coefficient of variation of the forces in the initial and final cycles. The adequacy of the transfer standard was also confirmed by the low influence it exerted on the uncertainty of the reference force values. For the two measurement cycles carried out at the reference laboratory, it was found that the coefficient of variation for the 500 N force was almost twice as high as the one for the 1000 N force. This suggests that, for transferring small forces, the transducer-machine interaction limits may be higher than the usually adopted 40% of the transducer range [7].
It is recommended that a new programme be carried out in order to investigate the quality parameters of the other forces realised with the aid of the dead-weight machine of IDIC. The relatively high influence of the uncertainty of the forces realised with MGL indicates that this new programme be based on a higher quality force standard. It is also recommended that this new programme be preceded by a study carried out in order to define adequate transducer-machine interaction limits for transferring small forces.
ACKNOWLEDGEMENTS
The authors acknowledge the kind institutional support provided by IDIC and CETEC. Furthermore, the authors wish to express their thanks to the Research Funding Foundation (FAPEMIG) of the State of Minas Gerais, Brazil, which provided the necessary financial resources.
REFERENCES

[1]
Torres-Guzmán, J; Ramirez-Ahedo, D. SIM Force Standards Comparison up to 10 kN. Proceedings, IMEKO TC 3 19th. International Conference on Force, Mass and Torque Measurements. 19 – 23 February 2005. Cairo, Egypt. 7p. 
[2]
BIPM. KCDB: Chile, INN (Instituto Nacional de Normalización). http://kcdb.bipm.org/ [visited 2008-04-16]
[3]
Saffar, J. et al. Qualification of force standards machines. Technical-scientific report. Rio de Janeiro, RJ: INMETRO, 2007. 13p. www.inmetro.gov.br. [visited 2008-04-11]
[4]
NIST. Handbook 150-2G: Calibration Laboratories: Technical Guide for Mechanical Measurement. March, 1995. 86p.

[5]
BIPM. CCM.F-K2.a Key-comparison protocol: Medium force measurements. 2004-2006. http://kcdb.bipm.org/ [visited 2008-03-25]
[6]
EA-10-04. EAL-G22: Uncertainty of Calibration Results in Force Measurements. August, 1996. 16p.

[7]
Sawla, A; Peters, M; Yaniv, S;  Intercomparison of force standard machines of the National Institute of Standards and Technology, USA and the Physikalisch-Technische Bundesanstalt, FRG. PTB-Bericht MA-20, 1991.










1

_1278837881.unknown

_1278837944.unknown

_1278920338.unknown

_1278921425.unknown

_1278837925.unknown

_1278762445.unknown

_1278829228.unknown

_1278829694.unknown

_1278829737.unknown

_1278829252.unknown

_1278762452.unknown

_1278762429.unknown

_1278762437.unknown

_1131936357.unknown

