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Course Abstract 

Å This course will cover applied force calibration techniques and will 
include demonstrations replicating measurement errors being made in 
everyday force measurement.

Å This course will cover the importance of calibrating force measurement 
devices in the way they are being used to reduce measurement errors 
and lower uncertainty. The student will learn about measurement 
uncertainty and will be able to quantify key uncertainty components 
and start to develop an uncertainty budget.   
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Course Agenda 
Å Company History ςIntroductions (15 minutes)

Å Learning Objectives 

Å Force Calibration

Å Accuracy Precision Resolution and Uncertainty

Å Common Types of Force Measuring Instrumentation 

Å Troubleshooting a load cell 

Å Calibration Traceability and Force Standards Calibration

Å ASTM E74 

Å Potential Force Measurement Errors with demonstrations

Å Uncertainty Analysis
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Company History
Å мфнлΩǎ ςMorehouse  and the U.S. Bureau of Standards started to design 

and refine force calibration products (Proving Rings) for the purpose of  
generating an accurate force for Brinell Hardness Testing. 
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Morehouse

Pictured above:  Morehouse Brinell Proving Ring S/N 14 Calibrated by U.S. Bureau 

of Standards test # 47197 May 24, 1926 
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Å Morehouse Proving Ring S/N 14 Calibrated in 1926 and the last calibration 
we have on record is July 25, 1984.  Ring was in service for over 58 years.
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Company History
Å мфолΩǎ ςThe Morehouse Proving Ring was refined and used to calibrate 

Material Testing Machines.

Å мфрлΩǎ ςMorehouse developed products for commercial industry, 
including Force Gauges, Morehouse Universal Calibrating Machines and 
Morehouse Dead Weight Primary Standards for calibration of load cells, 
proving rings, etc.   
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Company History
Å 2004 ςMorehouse becomes the first accredited commercial calibration 

laboratory to offer dead weight primary standards calibrations accurate 
to 0.002 % of applied force up to 120,000 LBF.

Å 2009 ςMorehouse expands force calibration range offering ASTM E74 
calibrations up to 2,250,000 LBF in compression and 1,200,000 LBF in 
tension.  

Å 2020 ςMorehouse turned 100 J
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Company History
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Company History
Å 2010 - Morehouse finishes construction of new torque calibration 

laboratory.  This calibration laboratory features a primary torque calibration 
standard accurate to 0.002 % of applied torque.  This standard was 
acquired from the National Physical Laboratory in England, which is a 
National Metrology Institute.    

Å 2011 Morehouse becomes ISO/IEC Guide 17025  Accredited for Torque 
Calibration by A2LA.
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Company History
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Calibration Lab Pictures 
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Introductions 
Name ___________________________

Company ________________________

Expectations & 
Questions______________________
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Common Questions
ÅWhat are the common error sources?
Å How do I calculate Measurement Uncertainty?
Å How do I lower my Measurement Uncertainty?
ÅIƻǿ Řƻ L ƪƴƻǿ ƛŦ Ƴȅ ŘŜǾƛŎŜǎ ŀǊŜ άLƴ ǘƻƭŜǊŀƴŎŜέΚ
ÅWhat are traceable measurements?
Å Proving Ring versus Load Cell, what is better?
ÅWhat adapters do I need to calibrate load cells?
Å How do I keep my technicians from squashing load cells?
Å No specific question, just here to learn as much as possible! 



Expectations
We want your attention. 

- breaks will be given as appropriate. 

- If you need to check your cell phone, please be 
courteous and limit cell phone usage to breaks.   

We want you to get the most out of this class for 
yourself. 

- Participation and questions are encouraged.  
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Learning Objectives

By the end of this course, you should be able to 

Å Identify various types of calibration equipment and perform some basic 
troubleshooting methods. 

Å Identify potential force measurement errors.

Å Reduce and/or quantify the uncertainty associated with these errors in 
your uncertainty analysis for force measurement at your calibration 
facility.

Å Implement proper force calibration techniques as discussed and 
demonstrated in the class.

Å Using material provided in the training class, put together an expanded 
uncertainty budget for force equipment used as secondary standards.
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Course Agenda 
This course is tailored to meet the needs of the majority in this class. The following 
are the topics we are prepared to discuss:

Force Calibration

Å Measurement Risk

Å The Importance of Torque Control and how Torque can affect Force 
Measurements

Å Common Types of Force Measuring Instrumentation 

Å Troubleshooting a load cell 

Å Calibration Traceability and Force Standards Calibration

Å ASTM E74 

Å Potential Force Measurement Errors with demonstrations

Å Uncertainty Analysis
17Copyright Morehouse and E=mc3 Solutions



Measurement Risk Overview

Copyright Morehouse and E=mc3 Solutions 18



Uncertainty Budgets

Laboratory

Parameter Training Range Sub-Range

Technician Force Tourqinson

Date N 7

Uncertainty Contributor Magnitude Type Distribution Divisor df Std. Uncert Variance

% 

Contributio

n

u
4
/df

Reproducibility 2.6237E-3 A Normal (68.26%, k=1) 1.000 1 2.62E-3 6.88E-6 0.00% 47.4E-12

Repeatability 3.7593E-3 A Normal (68.26%, k=1) 1.000 4 3.76E-3 14.13E-6 0.00% 49.9E-12

Repeatability Per x Force Point 499.5005E-3 A Normal (68.26%, k=1) 1.000 3 499.50E-3 249.50E-3 33.98% 20.8E-3

ASTM LLF or Ref Standard Unc 500.0000E-3 A Expanded (98.36% k=2.4) 2.400 32 208.33E-3 43.40E-3 5.91% 58.9E-6

Reference Standard Stability 1.0000E+0 B Rectangular (sqrt 3) 1.732 200 577.35E-3 333.33E-3 45.40% 555.6E-6

Reference Standard Resolution 250.0000E-3 Expanded (98.36% k=2.4) 2.400 200 104.17E-3 10.85E-3 1.48% 588.7E-9

Environmental Conditions 150.0000E-3 B Rectangular (sqrt 3) 1.732 200 86.60E-3 7.50E-3 1.02% 281.3E-9

Resolution of UUT 999.0010E-3 B Resolution (sqrt 12) 3.464 200 288.39E-3 83.17E-3 11.33% 34.6E-6

Morehouse Ref Lab CMC 160.0000E-3 AB Expanded (95.45% k=2) 2.000 200 80.00E-3 6.40E-3 0.87% 204.8E-9

Not Using the Right Size Plate (scale) 130.6000E+0 B Remove from Budget 0.000 200     

Bolting a load cell 10.0000E+0 B Remove from Budget 0.000 200     

Traction Dynamometer (not using roller bearings) 800.0000E+0 B Remove from Budget 0.000 200     

Tension Links Pin Size 172.0000E+0 B Remove from Budget 0.000 200     

Cable Wire 4 versus 6 Wire 10.6000E+0 B Remove from Budget 0.000 200     

Non Flat Base 2.3000E+0 B Remove from Budget 0.000 200     

S-Beam Misalignment 75.2000E+0 B Remove from Budget 0.000 200     

Button Load Cell Misalignment Without Adapter 104.5000E+0 B Remove from Budget 0.000 200     

Button Load Cell Misalignment With Adapter 19.9000E+0 B Remove from Budget 0.000 200     

Using Load Cell in Decreasing Mode W/O Cal 4.2000E+0 B Remove from Budget 0.000 200     

Not Excercising a Load Cell 890.0000E-3 B Remove from Budget 0.000 200     

Using Mass Weights Instead of Force Weights 10.0000E+0 B Remove from Budget 0.000 200     

Morehouse Shear Web Misalignment 220.0000E-3 B Remove from Budget 0.000 200     

Overshooting a Test Point 380.0000E-3 B Remove from Budget 0.000 200     

Different Hardness of Top Adapter 30.7000E+0 B Remove from Budget 0.000 200     

Not Using an Integral Adapter 3.4000E+0 B Remove from Budget 0.000 200     

Loading Through Bottom Threads in Compression 1.2000E+0 B Remove from Budget 0.000 200     

10 V versus 5 V DC Excitation 1.0000E+0 B Remove from Budget 0.000 200     

Different Time Loading Profiles (6sec versus 30) 600.0000E-3 B Remove from Budget 0.000 200     

856.84E-3 734.18E-3 100.00% 21.4E-3
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2.06

1.76E+0

Measurement Errors that can be corrected using the proper adapters, machines, and techniques

Measurement Uncertainty Budget Worksheet
Morehouse Training Class

Standards Used Load Cells, Torque Cells, and right or wrong adapters

For Student's t correction input "Y" ->> Specific Divisor

Combined Uncertainty (uc) =

Effective Degrees of Freedom

Coverage Factor (k) =

Expanded Uncertainty (U) =LO AD I NG  TH R O UG H  B O TTO M  Χ

D I F F ER E N T T I M E LO AD I N G Χ

INDIVIDUAL CONTRIBUTORS
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Why Risk Matters 
Lake Peigneur

On November 20, 1980, anoil rigcontracted byTexacoaccidentally 
drilled into theDiamond Crystal Salt Company salt mineunder the 
lake. Because of an incorrect or misinterpretedcoordinate reference 
system(the rig with the coordinate system set up backwards) and 
the 14-inch (36cm) drill bit entered the mine, starting a chain of 
events that turned the lake from freshwater to salt-water, with a 
deep hole. Video on youtube. 
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https://www.youtube.com/watch?v=ddlrGkeOzsI


Measurement Risk
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Measurement Risk

You can see the crash in this video for yourself but let us tell you about the findings of 
the subsequent investigation. There weretwo intertwined causes of the crash.Heavy 
rains before takeoff caused fuel to get into data sensors which were responsible for 
calculating speed and altitude among other things.
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Presentation Abstract 
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This mixture of water and fuel caused condensation 
to build up on the sensors which were near the 
planes surface. When maintenance crew were 
calibrating them before the flight, they were 
unaware of this build upcausing them to calibrate 
them wrong.

LǘΩǎ ƻƴƭȅ ŀ н-billion-dollar mistake 



Question 
I have a 10,000 lbf device with an accuracy of 0.1 % of full scale ± 10 lbf.

My calibration certificate says the unit reads 10,000 lbf when 10,000 lbf was applied.

Lǎ Ƴȅ ŘŜǾƛŎŜ άƛƴ ǘƻƭŜǊŀƴŎŜέΚ

Note: If Measurement Uncertainty is not being reported properly by your service provider, 
there is bh ǿŀȅ ǘƻ ƪƴƻǿ ƛŦ ǘƘŜ ŘŜǾƛŎŜ ƛǎ άƛƴ-ǘƻƭŜǊŀƴŎŜέ ŀƴŘ ȅƻǳ Řƻ ƴƻǘ ƘŀǾŜ ŀ ǘǊŀŎŜŀōƭŜ ƳŜŀǎǳǊŜƳŜƴǘΗ
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Applied Reading Error   
5,000    5,000       0

10,000   10,000       0

Would anyone use a 
ruler to calibrate 
their gauge blocks?

Measurement
Risk Area

Measurement
Risk Area

https://1.bp.blogspot.com/-WJIVyTMwTAY/WBopFdW6N4I/AAAAAAAADK0/xv58VNdLBFs5qAG0RyXbYHB_uufRyh37QCLcB/s1600/intercomp+scale+6.png
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What does this really mean?

All measurements have a percentage of likelihood of calling 

something good when it is bad, and something bad when it is 

good. You might be familiar with the terms consumerôs risk and 

producerôs risk. Consumerôs risk refers to the possibility of a 

problem occurring in a consumer-oriented product; occasionally, 

a product not meeting quality standards passes undetected 

through a manufacturerôs quality control system and enters the 

consumer market.

An example of this would be the batteries in the Samsung Note 7 

phone. The batteries can potentially overheat, causing the 

phone to catch on fire. In this case, the faulty battery/charging 

system of the phone device was approved through the quality 

control process of the manufacturer, which was basically a ófalse 

acceptance.ô If you owned one of these phones, there was a risk 

of injury to you.

In metrology this is called the probability of false accept 

(PFA). If the Uncertainty of the Measurement is not less 

than the tolerance required, there will be a significant risk 

of false accept. In simplistic terms, a TUR that produces 
less than ± 2 % upper and lower risk would be required to 

ensure the measurement is valid.

Measurement Risk

https://1.bp.blogspot.com/-LiR8OAWgi1U/WH0dm1AA8-I/AAAAAAAAD3I/Xx24qZh_PS4SDm9E2Hg2SBMLgic7Cs2GwCLcB/s1600/samsung+note+7.jpg
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ANSI/NCSLI Z540.3-2006 

defines 3.5 Measurement decision 

risk as probability that an incorrect 

decision will result from a 

measurement.

ISO/IEC 17025: 2017 Section 3.7 

defines a decision rule as a rule 

that describes how measurement 

uncertainty is accounted for when 

stating conformity with a specified 

requirement

https://1.bp.blogspot.com/-9yp1qNrKSyM/WIKEasKUvFI/AAAAAAAAD5M/KbRHslzajyMp5kGSmxdqLIrhSOArzOSLACLcB/s1600/measurement+risk+graph.jpg


Risk Management Decision 
Rules ISO 17025:2017
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Å 7.8.6.1 When a statement of conformity to a specification or 
standard for test or calibration is provided, the laboratory shall
document the decision rule employed, taking into account the level 
of risk (such as false accept and false reject and statistical 
assumptions) associated with the decision rule employed and apply 
the decision rule 

Å 7.8.6.2 The laboratory shall report on the statement of conformity 
such that the statement clearly identifies ςa) to which results the 
statement applies; and ςb) which specifications, standard or parts 
thereof are met or not met; ςc) the decision rule applied (unless it 
is inherent in the requested specification or standard)



Measurement Related Terms

Test Uncertainty Ratio: The ratio of the 
span of the tolerance of a measurement 
quantity subject to calibration, to twice the 
95% expanded uncertainty of the 
measurement process used for calibration.
ïNOTE: This applies to two-sided tolerances.

ty UncertainProcessn Calibratio

Tolerance U.U.T.
T.U.R.=
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TUR VIDEO



TUR Defined ANSI/NCSL Z540.3 

Handbook 

"For the numerator, the tolerance used for Unit Under Test (UUT) in the 
calibration procedure should be used in the calculation of the TUR. This tolerance 
is to reflect the organization's performance requirements for the Measurement & 
Test Equipment (M&TE), which are, in turn, derived from the intended application 
of the M&TE. In many cases, these performance requirements may be those 
described by the Manufacturer's tolerances and specifications for the M&TE and 
are therefore included in the numerator."

ANSI/NCSL Z540.3 Handbook "Handbook for the Application of ANSI/NCSLI 540.3-2006 - Requirements for the Calibration of Measuringand Test Equipment."



TUR Defined ANSI/NCSL Z540.3 

Handbook 

In most cases, the numerator is the UUT Accuracy Tolerance. The denominator is slightly more complicated. 
Per the ANSI/NCSL Z540.3 Handbook, "For the denominator, the 95 % expanded uncertainty of the 
measurement process used for calibration following the calibration procedure is to be used to calculate TUR. 
The value of this uncertainty estimate should reflect the results that are reasonably expected from the use of 
the approved procedure to calibrate the M&TE. Therefore, the estimate includes all components of error that 
influence the calibration measurement results, which would also include the influences of the item being 
calibrated except for the bias of the M&TE. The calibration process error, therefore, includes temporary and 
non-correctable influences incurred during the calibration such as repeatability, resolution, error in the 
measurement source, operator error, error in correction factors, environmental influences, etc."



TUR Morehouse Vs Typical Force Lab

10,000 lbf device 
accurate to 0.05 % of full 
scale with a 0.01 lbf
Resolution and 0.05 lbf
Repeatability 

Morehouse CMC = 0.002 
% of applied
One Sided Tolerance 5 lbf
Expanded U = 0.22 lbf
TUR =  22:1 

10,000 lbf device accurate 
to 0.05 % of full scale with 
a 0.01 lbf Resolution and 
0.1 lbf Repeatability 

Competitor CMC = 0.05 % 
of applied
One Sided Tolerance 5 lbf
Expanded U = 5.0 lbf
TUR =  1:1 



Large versus Small Expanded Unc

 1 

A) Small relative expanded uncertainty U =T/10 and w=U 
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B) Large relative expanded uncertainty U=(T/2) and w=U 
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Calibration Process Uncertainty (Morehouse 
Deadweight)

Nominal Value 10000

Lower specification Limit 9990

Upper Specification Limit 10010

Measured Value 10008.0

Measurement Error 8

Std. Uncert. (k=1) 0.36

Total Risk 0.0000%

Upper Limit Risk 0.0000%

Lower Limit Risk 0.0000%

TUR = 13.7498972

TAR= 62.5

Cpk= 1.833319626

Simple Guard Band with Subtraction Uncertainty Only

Guard Band LSL 9990.727

Guard Band USL 10009.273

Guard Band Limits to Assure 2 % RISK or Less 

Guard Band LSL 9990.747

Guard Band USL 10009.253

0
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0.8

1

1.2

9985 9990 9995 10000 10005 10010 10015

MV LSL Nominal Value USL Uncert. Dist GB LSL GB USL



Calibration Process Uncertainty (Commercial Labs 
Secondary Standards)

Nominal Value 10000

Lower specification Limit 9990

Upper Specification Limit 10010

Measured Value 10008.0

Measurement Error 8

Std. Uncert. (k=1) 1.30

Total Risk 6.1875%

Upper Limit Risk 6.1875%

Lower Limit Risk 0.0000%

TUR = 3.84805172

TAR= 4

Cpk= 0.513073563

Simple Guard Band with Subtraction Uncertainty Only

Guard Band LSL 9992.599

Guard Band USL 10007.401

Guard Band Limits to Assure 2 % RISK or Less 

Guard Band LSL 9992.669

Guard Band USL 10007.331

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
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Evaluating Global Consumer Risk
u What happens in a scenario where the LAB asks for a TAR or TUR of 4:1 or some other 

arbitrary number?   Some may say they have evaluated their level of risk, have they?
Nominal Value 1000.0

Lower specification Limit 999.0

Upper Specification Limit 1001.0

Measured Value 999.0

Measurement Error -1.0

Std. Uncert. (k=1) 0.030

Total Risk 50.000%

Upper Limit Risk 0.000%

Lower Limit Risk 50.000%

TUR = 16.690958

TAR= 62.5

Cpk= 0

Guard Band LSL 999.060

Guard Band USL 1000.940

Guard Band Limits for Risk of 2.00%

Guard Band LSL 999.062

Guard Band USL 1000.938

Simple Guard Band with Subtraction Uncertainty Only
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Evaluating Global Consumer Risk

If you do not consider the location of the measurement, you may not be considering risk properly

Nominal Value 1000.0

Lower specification Limit 999.0

Upper Specification Limit 1001.0

Measured Value 999.2

Measurement Error -0.8

Std. Uncert. (k=1) 0.030

Total Risk 0.000%

Upper Limit Risk 0.000%

Lower Limit Risk 0.000%

TUR = 16.690958

TAR= 62.5

Cpk= 2.2254611

Guard Band LSL 999.060

Guard Band USL 1000.940

Guard Band Limits for Risk of 2.00%

Guard Band LSL 999.062

Guard Band USL 1000.938

Simple Guard Band with Subtraction Uncertainty Only
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Cpk(Process Capability Index)
Å Cpkis used to estimate how close you are to a given target and how consistent you 

are to around your average performance. Cpkmeasures two things well 

1. how close the mean of the readings are to the center of the lower and upper spec 
limits; and 

2. how widely spread the readings are

Å If Cpkis less than 1.33 it will need some action (different vendor with lower 
uncertainties, better resolution, adjustments to the instrument, a more repeatable 
process can make it better)

Å If Cpkis higher than 1.66, it is likely that everything is good.  



ANSI/NCSL Z540.3

Å Most people who implement 
guard bands are using 
methods found in this 
handbook.  

Å The handbook has 6 methods 
for guard bands



ANSI/NCSL Z540.3 Guard Band 
Methods

Å PFA Estimation Method 1, Unconditional - Test Point Population Data

Å PFA Estimation Method 2, Unconditional - M&TE Population Data

Å PFA Estimation Method 3, Conditional ςAcceptance Subpopulation

Å PFA Estimation 

Å Method 4, Conditional ςBayesian

Å Guard Band Method 5, Based on the Expanded Calibration Process Uncertainty

Å Guard Band Method 6, Based on the Test Uncertainty Ratio



Decision Rule Quote Example
7.8.6.1 When a statement of conformity to a 
specification or standard for test or calibration is 
provided, the laboratory shalldocument the decision 
rule employed, taking into accountthe level of risk (such 
as false accept and false reject and statistical 
assumptions) associated with the decision rule 
employed and apply the decision rule 



Statement of Conformity
Å When performing a measurement and subsequently making a statement of conformity, for example, in or 

out-of-ÔÏÌÅÒÁÎÃÅ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÓÐÅÃÉÆÉÃÁÔÉÏÎÓ ÏÒ 0ÁÓÓȾ&ÁÉÌ ÔÏ Á ÐÁÒÔÉÃÕÌÁÒ ÒÅÑÕÉÒÅÍÅÎÔȟ ÔÈÅÒÅ ÁÒÅ Ô×Ï 
possible outcomes:

ïThe result is reported as conforming with the 
specification

ïThe result is reported as not conforming with 
the specification

Illustrationof MeasurementDecisionRisk



Non-Binary Acceptance Criteria 





ANSI/NCSL Z540.3
Guard Band Method 5, Based on the Expanded Calibration Process Uncertainty: 

One simple approach to guard banding is to calculate acceptance limits by 
subtracting the 95 % expanded calibration process uncertainty from the tolerance 
limits.  This is the approach recommended by ILAC G8 and various other 
documents.  If the measurement result is within such acceptance limits, the PFA is 
very small and is therefore assured of meeting the 2 % PFA requirement.  The only 
information necessary for this guard banding approach is the tolerance and the 
calibration process measurement uncertainty (page 56) However the definition of 
TURspecifically calibration process uncertainty is only defined well in the 
ANSI/Z540.3 Handbook
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How to lower your measurement risk

Å Have the calibration provider replicate how the device is being used
Å Have competent technicians 
Å Use the right equipment
Å Lower your uncertainties through your calibration provider 
Note: There is quite a bit of difference between force measurement labs with CMCs of 0.1 %, 0.05 %, 0.02 %, 0.01 %, 0.005 % and 0.002 % of applied force. 

Measurement Risk

0.010% 0.020% 0.050% 0.100% 0.200% 0.500%

Deadweight 0.002% 4.471 8.941 22.353 44.706 89.413 223.532

Deadweight 0.005% 1.961 3.922 9.805 19.610 39.221 98.052

Deadweight / Lever 0.010% 0.995 1.990 4.975 9.950 19.900 49.751

High End Load Cell 0.020% 0.499 0.999 2.497 4.994 9.987 24.969

High End Load Cell 0.050% 0.200 0.400 1.000 1.999 3.999 9.980

Good Load Cell 0.100% 0.100 0.200 0.500 1.000 2.000 5.000

Anything in Red would have too much measurement risk. 

How Good Does Your Calibration Provider Have to Be? (T.U.R. Table) 
Tolerance Required

Calibration Standard Required

This table is based on a Calibration Grade Load Cell with 0.01 lbf Resolution; 0.05 lbf Repeatability.  
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Have the calibration provider replicate how the device is being used

Measurement Risk
This is a SensotecModel RFG/F226-01 load cell.  I did a test with two different types of 
adapters and recorded the readings (10,001.5 vs 9942.3).
There was a difference of 59.2 LBF on a 10,000 LBF cell.           

This is a SensotecModel RFG/F226-01 5ƛŦŦŜǊŜƴǘ ǘȅǇŜ ŀŘŀǇǘŜǊǎΦ  όмΦрέ 
ŜƴƎŀƎŜƳŜƴǘ ǾŜǊǎǳǎ лΦр ά ŜƴƎŀƎŜƳŜƴǘύ
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Have the calibration provider replicate how the device is being used

Measurement Risk
This is a SensotecModel RFG/F226-01 load cell.  I did a test with two different types of 
adapters and recorded the readings (10,001.5 vs 9942.3). 

Nominal Value 10000

Lower specification Limit 9975

Upper Specification Limit 10025

Measured Value 9942.3

Measurement Error -57.7

Std. Uncert. (k=1) 0.29

Total Risk 100.00%

Upper Limit Risk 0.00%

Lower Limit Risk 100.00%

TUR = 43.1034
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Nominal Value 10000

Lower specification Limit 9975

Upper Specification Limit 10025

Measured Value 10001.5

Measurement Error 1.5

Std. Uncert. (k=1) 0.29

Total Risk 0.00%

Upper Limit Risk 0.00%

Lower Limit Risk 0.00%

TUR = 43.1034
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Well within 0.25 %                                               No where near 0.25 %                                               

What is the probability of the measurement being within 0.25 % if the top adapter is 
changed out?



Measurement Risk
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Å Have you, or any of your technicians, ever overloaded a load cell?
Å Have you, or someone you know, ever used the wrong equipment to try to accomplish 

a certain task?
Å Have you signed a certificate you were unsure about?
Å Do you know of any bad measurement practices in your organization that are not being 

corrected, or do complaints fall on deaf ears?
Å How about your calibration provider: Have they ever admitted to making a mistake?If 

the problem was not corrected, did it just go away?

We are not perfect, but we can mitigate measurement risk by making better 
measurements, and by replicating the proper use of all instruments to lessen the 
possibility of devastating errors.



3 Rules to Lessen Your Measurement Risk
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Rule #1. Know the Right Requirements- This first rule involves 
knowing what is needed to accomplish the task at hand.

Rule # 2. Choose the Right EquipmentςAlways choose Measuring 
and Test Equipment that is capable of achievingthe measurement 
tolerance required.

Rule # 3. Have the Right ProcessesςThis last rule requires having a 
training program and proof of training (records) to validate the 
individuals performing the calibration or using the equipment.



3 Rules to Lessen Your Measurement Risk
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Rule #1. Know the Right Requirements-This first rule involves 
knowing what is needed to accomplish the task at hand.

Å The more accurate the system, the higher the costs will be to 
procure the equipment and have it calibrated.

Å For most tests, a T.U.R. of 4:1 will meet the guidelines set fourth 
in ANSI Z540-1 of ensuring that the total risk is less than 4 %. 

Å If the requirement is 0.1 % of applied, and the stability of the 
device is 0.2 % over a one-year period, the device would need to 
have the calibration interval shortened.



What happens when Rule #1 is not 
followed

BP Texas Refinery Moments before and immediately after the explosion



The Accident:
ÅDistillation tower and 

attached blow down drum 
overfilled
Å~7600 gallons flammable 

liquid released
ÅLiquid ignited by an idling 

diesel truck

Proximate cause:
ÅHigh-level alarm 

malfunctioned

ÅLevel transmitter 
miscalibrated
ς Outdated 1975 data sheet 
ς Level transmitter indicated 

liquid level falling

ς Level actually risingrapidly

Knowing The Right Requirements



The Aftermath

Root causes:
ÅCost-cutting, 

production 
pressures, and 
failure to invest
ÅLack of preventative 

maintenance and 
safety training
ÅProcedural 

workarounds to 
compensate for the 
deteriorating 
equipment   

The Cost:
ï15 deaths, 
ï180 injured
ïOver $2 billion, 

including lawsuits

Knowing The Right Requirements

Special Thank You to Scott Mimbsfor providing this example 



3 Rules to Lessen Your Measurement Risk
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Rule # 2. Choose the Right EquipmentςAlways choose Measuring 
and Test Equipment that is capable of achievingthe measurement 
tolerance required.
Å If you need to certify that an instrument is within a tolerance of 

1 %, you cannot use a standard with a 1 % toleranceto perform 
the calibration.

Å Several manufacturers do not understand T.U.R and do not 
ƛƴŎƭǳŘŜ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ ǊŜǎƻƭǳǘƛƻƴ ƻǊ ǊŜǇŜŀǘŀōƛƭƛǘȅΣ ƻǊ ǘƘŜ 
reference standard used to perform the calibration, in their 
accuracy claims. 

Å On most of these instruments, no reference standard in the 
world may lower the risk if the instrument shows any bias. 



The Right Equipment?
Boilers Blowing Up

1921 Brinell Hardness Machine



Choosing The Right Equipment

This is the calibration of an Aircraft Scale in our 804000 Press. 
The scale is repeatable within 10 lbf * and has a resolution of 
10 lbf.  No matter what reference standard is used, the Total 
Risk will always be higher than 10 %.
* Note: Unless actions are taken to reduce the repeatability or 
resolution.  

Nominal Value 10000

Lower specification Limit 9990

Upper Specification Limit 10010

Measured Value 10000

Measurement Error 0

Std. Uncert. (k=1) 6.45

Total Risk 12.10%

Upper Limit Risk 6.05%

Lower Limit Risk 6.05%

TUR = 0.77519

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

9970 9980 9990 10000 10010 10020 10030

MV LSL Nominal Value USL Uncert. Dist

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

9970 9980 9990 10000 10010 10020 10030

MV LSL Nominal Value USL Uncert. Dist



[ŜǘΩǎ ōǊŜŀƪ Řƻǿƴ ǘƘŜ IntercompScale 

Å Toluut=  0.1 % of Applied 10 lbf, (USL ςLSL)/2  
((10,010 ς9,990)/2) = 10 lbf

Å /a/ ǳƴŎŜǊǘŀƛƴǘȅ ŎƻƳǇƻƴŜƴǘ Ґ ±ŀǊƛŀōƭŜ /a/Ωǎ

Å Ures= 10 lbf

Å Urep= This is found by taking standard deviation of 
several test points.  5.774
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Choosing The Right Equipment

Force Applied Instrument Reading

10000 10000

10000 9990

10000 10000

10000 9990

STD DEV 5.773502692

Urep 



Å [ŜǘΩǎ ōǊŜŀƪ Řƻǿƴ ǘƘŜ {ŎŀƭŜ 

Å Toluut= 10 lbf, (USL ςLSL)/2

Å /a/ ǳƴŎŜǊǘŀƛƴǘȅ ŎƻƳǇƻƴŜƴǘ Ґ ±ŀǊƛŀōƭŜ /a/Ωǎ

Å Ures= 10 

Å Urep= 5.774
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Choosing The Right Equipment

Capacity Req Tolerance LSL USL Res UUT Rep UUT CMC Std Unc Exp Unc TUR

10000 0.100% 9990 10010 10 5.774 0.000% 6.46 12.91 0.775

10000 0.100% 9990 10010 10 5.774 0.002% 6.46 12.91 0.774

10000 0.100% 9990 10010 10 5.774 0.005% 6.46 12.92 0.774

10000 0.100% 9990 10010 10 5.774 0.025% 6.58 13.15 0.760

10000 0.100% 9990 10010 10 5.774 0.050% 6.92 13.85 0.722

10000 0.100% 9990 10010 10 5.774 0.100% 8.17 16.33 0.612
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How can we fix this?

Raise the Tolerance?

Improve Repeatability Only ?

Improve Resolution and Repeatability ?

With a 2 lbf
resolution and a 
CMC of 0.022 %, 
a 4:1 TUR could 
be achieved

A TUR better than 4:1 
would have minimal risk 
assuming the location of 
the measurement is within 
the guard band limits. 

Capacity Req Tolerance LSL USL Res UUT Rep UUT CMC Std Unc Exp Unc TUR

10000 0.520% 9948 10052 10 5.774 0.000% 6.46 12.91 4.028

10000 0.520% 9948 10052 10 5.774 0.002% 6.46 12.91 4.027

10000 0.520% 9948 10052 10 5.774 0.005% 6.46 12.92 4.025

10000 0.520% 9948 10052 10 5.774 0.025% 6.58 13.15 3.954

10000 0.520% 9948 10052 10 5.774 0.050% 6.92 13.85 3.756

10000 0.520% 9948 10052 10 5.774 0.100% 8.17 16.33 3.184

Capacity Req Tolerance LSL USL Res UUT Rep UUT CMC Std Unc Exp Unc TUR

10000 0.100% 9990 10010 10 0 0.000% 2.89 5.77 1.732

10000 0.100% 9990 10010 10 0 0.002% 2.89 5.78 1.731

10000 0.100% 9990 10010 10 0 0.005% 2.90 5.80 1.726

10000 0.100% 9990 10010 10 0 0.025% 3.15 6.29 1.589

10000 0.100% 9990 10010 10 0 0.050% 3.82 7.64 1.309

10000 0.100% 9990 10010 10 0 0.100% 5.77 11.55 0.866

Capacity Req Tolerance LSL USL Res UUT Rep UUT CMC Std Unc Exp Unc TUR

10000 0.100% 9990 10010 2 0 0.000% 0.58 1.15 8.660

10000 0.100% 9990 10010 2 0 0.002% 0.59 1.17 8.533

10000 0.100% 9990 10010 2 0 0.005% 0.63 1.26 7.947

10000 0.100% 9990 10010 2 0 0.022% 1.24 2.48 4.025

10000 0.100% 9990 10010 2 0 0.050% 2.57 5.13 1.949

10000 0.100% 9990 10010 2 0 0.100% 5.03 10.07 0.993
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How can we fix this?
We need to figure out how to lower the uncertainty and adjust the acceptance limits to 
limit lower and upper risk to less than ± 2 %

This assumes the 
location of the 
measurement is 
perfect.

Force Applied Instrument Reading

10000 10000

10000 10000

10000 10000

10000 9990

10000 10000

10000 10000

10000 10000

STD DEV 3.77964473

Urep 

Capacity Req Tolerance LSL USL Res UUT Rep UUT CMC Std Unc Exp Unc TUR U & L RISK One Sided

10000 0.100% 9990 10010 10 3.77 0.000% 4.75 9.50 1.053 3.53% 1.76%

10000 0.100% 9990 10010 10 3.77 0.002% 4.75 9.50 1.053 3.53% 1.76%

10000 0.100% 9990 10010 10 3.77 0.005% 4.75 9.51 1.052 3.53% 1.76%

10000 0.100% 9990 10010 10 3.77 0.025% 4.91 9.82 1.018 4.17% 6.43%

10000 0.100% 9990 10010 10 3.77 0.050% 5.37 10.73 0.932 6.26% 3.13%

10000 0.100% 9990 10010 10 3.77 0.100% 6.90 13.79 0.725 14.73% 7.36%



Choosing The Right Equipment

The only way to lower the Total Risk is to buy a scale with a better repeatability 
& resolution or change the method (lower the acceptance limits). Evaluating all 
components in a system is critical. 
Note: Changing the process may cause all kinds of measurement problems 
resulting in a much higher risk.  (Example: Switching from deadweights to load 
cells would raise the CMC and may require lowering the acceptance limit)

32



Aircraft and Truck Scale Adapters

Truck and Aircraft Scales are typically used to weigh trucks 
and airplanes with the tires sitting on several scales.  Any 
adapter used during calibration should be composed of the 
same type of rubber and should have the same footprint as 
the tire to ensure accurate results.

Link to Aircraft and Truck Scale Calibrators 

http://www.mhforce.com/Product/ProductDetails/30?title=AIRCRAFT-SCALE-CALIBRATORS


Truck Scales



Truck Scales

Pictures Showing Two 
Different Size Adapters. 

Will there be a difference in 
the measured values? 



Calibration of a Truck Scale

Force Applied Instrument Reading Instrument Reading Difference% Difference Tolerance Tolerance

lbf normal pad small pad in lbf 1 % of Applied % by using different pads

2000 2000 2000 0 0.00% 20 0%

4000 4000 4000 0 0.00% 40 0%

6000 6020 6020 0 0.00% 60 0%

8000 8020 8020 0 0.00% 80 0%

10000 10040 9980 60 0.60% 100 60%

12000 12040 11980 60 0.50% 120 50%

14000 14060 13980 80 0.57% 140 57%

16000 16060 15960 100 0.63% 160 63%

18000 18060 17940 120 0.67% 180 67%

20000 20060 19920 140 0.70% 200 70%

Notes: Calibration of a truck scale in our 

Morehouse USC-60 Scale Calibrating Machine.  

This test is comparing the difference in the 

footprint of different tires on the scale.



Calibration of a Truck Scale
Force Applied Instrument Reading Instrument Reading Difference% Difference Tolerance Tolerance

lbf normal pad small pad in lbf 1 % of Applied % by using different pads

2000 2000 2000 0 0.00% 20 0%

4000 4000 4000 0 0.00% 40 0%

6000 6020 6020 0 0.00% 60 0%

8000 8020 8020 0 0.00% 80 0%

10000 10040 9980 60 0.60% 100 60%

12000 12040 11980 60 0.50% 120 50%

14000 14060 13980 80 0.57% 140 57%

16000 16060 15960 100 0.63% 160 63%

18000 18060 17940 120 0.67% 180 67%

20000 20060 19920 140 0.70% 200 70%

Notes: Calibration of a truck scale in our 

Morehouse USC-60 Scale Calibrating Machine.  

This test is comparing the difference of in the 

footprint of different tires on the scale.



Truck Scales

Pictures Showing three 
Different Size Adapters 
made by Morehouse. 

Will there be a difference in 
the measured values on a 
10,000 lbf PT300 scale? 



Calibration of a Truck Scale



Calibration of a Truck Scale
Thoughts?



Aircraft and Truck Scale Adapters
Morehouse has tested truck and aircraft scales and there is a large difference 
in using different size plates

Force Scale Scale 

Applied Reading w/Reading w/

lbf Large padSmall pad

0 0 0 Diff in lbf %

4000 3950 3980 -30 -0.759%

8000 7980 8030 -50 -0.627%

12000 11990 12020 -30 -0.250%

16000 15980 16090 -110 -0.688%

20000 19980 20140 -160 -0.801%

24000 23990 24210 -220 -0.917%

28000 27990 28270 -280 -1.000%

32000 31990 32350 -360 -1.125%

36000 35990 36460 -470 -1.306%

40000 40010 meter

saturated



The Right Equipment
The right equipment for force is going to be made to minimize off-center loading, bending, 
and torsion.   To do this force machines need to be: 

1. Plumb

2. Level

3. Square

4. Rigid

5. Free of Torsion

Note:  All of the machines shown are designed with these 5 things in mind. They replicate 
how most instruments are used in the field



The Right Equipment
The right equipment for force is going to be
Plumb-exactly vertical or true

Pictured Right ςMorehouse 1,000 lbf automated 
deadweight machine that is plumb. In this machine 
the weights hang in a vertical direction and if they are 
out of plumb, they will introduce misalignment 
through the vertical line of force.



The Right Equipment
The right equipment for force is going to be
Level-a device for establishing a horizontal line or plane by 
means of a bubble in a liquid that shows adjustment to the 
horizontal by movement to the center of a slightly bowed 
glass tube

Pictured Right ςMorehouse 100,000 lbf UCM.  The upper 
and lower platen are ground flat and the adjustable feet 
allow the end user to obtain a level condition.  If level is 
not achieved, errors from misalignment will happen.   



The Right Equipment

The right equipment for force is going to be
Square- for Force Machines this is about having four 
right angles.

Pictured Right ςMorehouse 10,000 lbf Benchtop 
Machine.  The adjustable beam and bottom base 
form the 4 right angles.  This reduces the chance of 
misalignment.  The bottom screw is aligned to the top 
beam to keep the line of force as plumb as possible.



The Right Equipment

Rigid ςnot flexible.  If the loading 
surface starts to bend, all sorts of 
alignment errors can happen which 
will impact the results

Pictured Right - Morehouse USC-60K 
With Reference Load and Morehouse 
4215 Indicator ςthe top and bottom 
plates are reinforced to keep the 
machine from bending

76



The Right Equipment
Torsion ςthe action of twisting or the state of being 
twisted.  Free of torsion means free of being twisted 
when forces are applied

Pictured Right - Morehouse PCM-2K With Reference 
Load Cell.  This machine have special bearings to 
keep things from twisting.  Before putting in the 
bearings, the measurement errors were higher than 
0.1 %, when we added the bearings, the errors 
became less than 0.02 %, which is better than most 
transfer standard type machines.



The Right Equipment
Replicates Field Use 

One of these does not replicate 
how the equipment is used in the 
field.  Which One?



The Right Equipment
Replicates Field Use 



The Right Equipment

Replicates Field Use

To Replicate Field Use for ASTM E4 & ISO 7500 Calibrations in These 
Types of Machines

ÅThe Calibration Laboratory Should Not Perform Compression and 
Tension Calibration in the Same Setup (Common Practice as it is 
much quicker)

Å¢ƘŜȅ {ƘƻǳƭŘ ǳǎŜ ǘƘŜ /ǳǎǘƻƳŜǊΩǎ ¢ƻǇ .ƭƻŎƪǎ ŀƴŘ ƳŀƪŜ {ŜǇŀǊŀǘŜ 
Compression Setups

Å In Compression, they Should Require a Baseplate to Load Against
ÅFor Tension Calibration if the End-User is Calibrating per ISO 

7500, They Should Use Adapters Recommended Per the ISO 
Annex, which would be different than what is shown here  



Choosing The Right Equipment
MSI PORTA-WEIGHT ς
Some accuracy 
specifications are 0.1 
% of applied and 
other are 0.1 % of 
applied ± 1 count. 

Specification on this 
model is 0.1 % of 
applied ± 1 count

Location of the 
measurement is key.

Nominal Value 500

Lower specification Limit 498.5

Upper Specification Limit 501.5

Measured Value 500

Measurement Error 0

Std. Uncert. (k=1) 0.29

Total Risk 0.00%

Upper Limit Risk 0.00%

Lower Limit Risk 0.00%

TUR = 2.58621
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Nominal Value 500

Lower specification Limit 498.5

Upper Specification Limit 501.5

Measured Value 501

Measurement Error 1

Std. Uncert. (k=1) 0.29

Total Risk 4.23%

Upper Limit Risk 4.23%

Lower Limit Risk 0.00%

TUR = 2.58621
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Great Equipment.  Just Remember that 
location of the measurement is key! 



Choosing The Right Equipment
Morehouse2K-PCM W/ Ultra PrecisionLoadCell

Is the PCM accurate enough to calibrate the UUT in each of the following scenarios using 
Method 5?  Typical Expanded Uncertainty is 0.02 % of applied force

UUT 0.1 % of full scale UUT 0.025 % of full scaleUUT 0.5 % of full scale



Choosing The Right Equipment
Morehouse2K-PCM W/ Ultra PrecisionLoadCell

1000 lbf Digital Force 
Gage UUT 0.5 % of full 

scale

With a CMC uncertainty component of 0.02 % and a UUT resolution 
of 0.2 lbf if the UUT reads between 995.4 and 1004.6, the system 
would be accurate enough to calibrate the UUT.

Nominal Value 1000

Lower specification Limit 995

Upper Specification Limit 1005

Measured Value 995.4

Measurement Error -4.6

Std. Uncert. (k=1) 0.12

Total Risk 0.03%

Upper Limit Risk 0.00%

Lower Limit Risk 0.03%

TUR = 21.65047632

0

0.5

1

1.5

2

2.5

3

3.5

4

994 996 998 1000 1002 1004 1006

MV LSL Nominal Value USL Uncert. Dist



Choosing The Right Equipment
Morehouse2K-PCM W/ Ultra PrecisionLoadCell

500 lbf Digital Force 
Gage UUT 0.1 % of full 

scale

With a CMC uncertainty component  of 0.02 % and a UUT 
resolution of 0.1 lbf if the UUT reads between 499.7 and 500.3, 
the system would be accurate enough to calibrate the UUT.

Nominal Value 500

Lower specification Limit 499.5

Upper Specification Limit 500.5

Measured Value 500.3

Measurement Error 0.3

Std. Uncert. (k=1) 0.06

Total Risk 0.03%

Upper Limit Risk 0.03%

Lower Limit Risk 0.00%

TUR = 4.330095263
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Choosing The Right Equipment
Morehouse2K-PCM W/ Ultra PrecisionLoadCell

2000 lbf Load Cell UUT 
with a tolerance of  
0.025 % of full scale

With a CMC uncertainty component of 0.02 % and a UUT resolution of 
0.01 lbf as long asthe UUT reads between 1999.91 lbf and 2000.09, the 
system would be accurate enough to calibrate the UUT.

Nominal Value 2000

Lower specification Limit 1999.5

Upper Specification Limit 2000.5

Measured Value 2000

Measurement Error 0

Std. Uncert. (k=1) 0.20

Total Risk 1.24%

Upper Limit Risk 0.62%

Lower Limit Risk 0.62%

TUR = 1.249869804
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Method 6 would allow between 1999.66 and 2000.34 to pass!



Choosing The Right Equipment

The Reference Equipment chosen could affect the TUR in the following ways:
1. It can raise or lower the TUR 
2. Different equipment types have different CMC uncertainty components 

which will raise or lower the TUR
3. Different reference standards  can make the repeatability of the UUT 

better or worse.  (An example of this would be hydraulic versus 
deadweight) The stability of the hydraulics would factor into the CMC 
uncertainty component.

4. Different reference standards have different resolution (deadweight has 0, 
while a 60K load cell may have 0.15 lbf) 

5. Changing the reference standard type will change the process, resulting in 
an increase or decrease in the CMC uncertainty components. 32



3 Rules to Lessen Your Measurement Risk
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Å Rule # 3. Have the Right ProcessesςThis last rule requires 
having a training program and proof of training (records) to 
validate the individuals performing the calibration or using the 
equipment. 

Å It is important to maintain and follow procedures that 
adequately support the end-product performance

Å There should be a process in place that ensures all aspects of the 
standards are being carefully satisfied in the calibration process

Å¦ǎŜ ƻŦ tǊƻǇŜǊ !ŘŀǇǘŜǊǎ ŀƴŘ ƳŀƪƛƴƎ ǎǳǊŜ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ 
calibration matches how it is being used in the field or lab.



The Right Processes?

Å CoxHealthof Springfield, MO inadvertently overdosed 152 cancer patients, 76 of which 

received up to 70% higher than prescribed dosages

Å The device, a BrainLABstereotactic radiation system used to treat areas 1.1 centimeters 

or smaller, was initially incorrectly calibrated by the CoxHealthchief physicist in 2004

Å The error went undetected for five years, until September 2009 when another 

CoxHealthphysicist received training on the BrainLABsystem

Å Although the calibration error was corrected, as of February 2012, the CoxHealth

BrainLABprogram remains suspended while lawsuits are settled

Incorrectly calibrated radiation treatment system overdosed 152 cancer patients



The Right Processes?



90

Anyone this this is a good way to accurately 
measure torque?

Torque= lift force x Sin(t) x wrench length
t = angle and assuming 45 degrees based on visual from picture, 
sine would be square root of 2 divided by 2 or about 0.71 (This 
equate to about 29 % error in the torque measurement). If the 
angle where 90 degrees, the sine error goes away.

The Right Processes? 



The Right Calibration Provider
Some calibration providers do not 
include enough information to 
provide a traceable measurement.
What is wrong with this cert?

1. No mention of measurement 
uncertainty of the reference 
standard.

2. Claims traceability to NIST 
and not to SI.

3. Does not report uncertainty 
per point.

4. Meets all published 
specifications, but does not 
list any of them

5. Was instrument only 
exercised once?



Some calibration providers 
claim zero can be used as the 
first calibrated test point.

This is not true in anyway 
possible. In the ASTM E74-18 
standard the following sections 
point to this not being allowed.

Per Section 8.6.2 of ASTM E74-18  ά¢ƘŜ ǾŜǊƛŦƛŜŘ ǊŀƴƎŜ ƻŦ ŦƻǊŎŜǎ ǎƘŀƭƭ 
not include forces outside the range of forces applied during the 
calibration. If the lower force limit is less than the lowest non-zero 
calibration force applied, then the lower force limit of the verified 
range of forces is equal to the lowest calibration force applied.έ

Per Section 7.2.1 of ASTM E74-му ǎǘŀǘŜǎ άIf the lower force limit of 
the verified range of forces of the force-measuring instrument (see 
8.6.1) is anticipated to be less than one tenth of the maximum force 
applied during calibration, then forces should be applied at or below 
this lower force limit. In no case should the smallest force applied be 
below the lower force limit of the force-measuring instrument as 
defined by the values: 400 x resolution for Class A verified range of 
ŦƻǊŎŜǎ  нллл Ȅ ǊŜǎƻƭǳǘƛƻƴ ŦƻǊ /ƭŀǎǎ !! ǾŜǊƛŦƛŜŘ ǊŀƴƎŜ ƻŦ ŦƻǊŎŜǎ έ

Not Following The ASTM E74 Standard 

The Right Calibration Provider




