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Introduction

Morehouse Instrument Company has shared a tremendous amount of knowledge throughout the years
with blogs, technical papers, and webinars. This education aligns with our purpose, to create a safer world
by helping companies improve their force and torqueas@rements.

When someone is new to calibration or metrology, the information can be overwhelming. There is so much
to digest that people can quickly become overwhelmed. Some have joked that an introduction into
metrology is like trying to drink throughfaiehouse.

To simplify things, Morehouse has created this guidance document to help anyone new to force. Even
seasoned metrologists or technicians with years of experience may learn something new, or maybe this
document can act as a refresher for thagho are more advanced. In either case, the knowledge gained
will ultimately help you become better.
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Figurel: Force Calibration Basics
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1. Force Calibration and its Importance

What isForce Calibratiofd

In his second law, Siralac Newton stated that force controls motion; therefovee must control the force

if we are to control the motionAn example of forcd:have an egg in my hand and want to break it by
squeezing it in my hand. This egg will break at X known force. No matter where | am in the world, the same
amount of force wilbe required to break the egg in my hand. It will not take less force to bifeialegg in
Pennsylvania than in Peru.

A simple physics definition for force is mass times acceleration (F = rAxstjown in the illustration
below, force is a derived unit from the Sl base units of Mass, Time, and L&hgtinternational
Committeefor Weights and Measures in the Bureau International des Poids et Mesures (CIPM/BIPM)
defines 1N as the force required to accelerate 1 kg to 1 meter per second per second in a.vacuum

Derived units

S| BASE UNITS without special S| DERIVED UNITS WITH SPECIAL NAMES AND SYMBOLS

Solid lines indicate multiplication, broken lines indicate division

kilogram LTI ;
(kg m/s’) pascal . (N/m?) gray @(J/kg) sievert@ (J/kg) "'-,_
Pnessuns, ABSORBED DOSE :
: DOSE EQUIVALENT
meter 95z N
\(N-m) watt / (J/s)  becquerel 1/s] hat@(I/s)
. ENERGY,WORK, =  POWER, ACTIVITY "< FREQUENCY
second S - QUANTITY OF HEAT = HEAT FLOW RATE (OF A RADIONUCLIDE) “.“
TIME © katal (moI/s) S (V) henry ~(Wb/A) tesla@ (Wb/m?)
mole mol . ( - CATALYTIC - MAGNETIC <\ INDUCTANCE MAGNETIC
: ACTIVITY FLUX 5 FLUX DENSITY
AT ACCELERATION -
SUBSTANCE “coulomb Wik, (W/A)
ampere A
Moy /e alramsive
ELECTRIC CURRENT \ e FORCE
- degree (K) farad (CV) ohm (V/A)  siemens (1/Q)
kelin[ - Celsius G ‘ @ i
: CONDUCTANCE
R EoTTRAIC : TEMCPEEL:A%RE CAPACITANCE RESISTANCE D
IR © U°C=T/K-273.15
candela : g ;
cd © lux m (Im/m?  lumen %(mzlmz=1)‘ad'an el
LUMINOUS INTENSITY 5, @ .@
ILLUMINANCE LUMINOUS SOLID ANGLE PLANE ANGLE
FLUX

Figure2: Sl Unitxourtesy of NIST

Calibration is the comparison of an unknown (typically referred to as the Unit Under Test or UUT) to a
device known within a certain error (typically referred to as the Calibration Standard or Reference Standard)
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to characterizéhe unknown.Therefore, foce calibrationrcomparesa force instrument to a force reference
standard to characterize the instrument.

Why isforce measurement important?

The most straightforward answer is that bridges and other objects do not collapse when forces are exerted
upon them. When building a bridge, it is essential to get the concrete strength measurement correct. It is
essentiako make sure the steel is testeand the cables arappropriatdy checked for prestress or pest
tension. When these measurements are not doneectly, bad things happen, as shown below.

Figure3: Bridge Failure
In the example below, the ripeness of apples is being checked. Why may that be important? If you are in
California and want to distribute apples across the cowyriine harder ones wilastlonger and ripen during
shipment. In contrast, the softer ones might be distributed locally.

Figure4: Testing Apple Ripeness
The example below shows the fishing line being tested. | am sure any fisherman would not want the line to
break as theyaulin their prized fish.
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Figureb: Testing Fishing Line
In general, the measurement of force is performedreguently that we tend to take it for granted.
However, émost every material item is tested using some form of traceable force measureifesting
may vary from sample testing on manufactured lots and might include anything from the materials used to
build your house to the cardboard on that toilet paper roll.

2. How a Transducer Measures Force

What is a Transducer?
In the broad sense of the term, a transducer is a device that turns one type of energy into another type

Some examples are:

r
.

ANV

I yamod ik

Figure6: A Battery is a Transducer

1. A battery is a transducer that converts chemical energy into electrical energy. The chemical
reactions involve electrons' flow from one material to another through an external circuit
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Figure7: AThermometeris Transducer
2. Athermometer is a transducer that converts heat energy into the mechanical displacement of a
liquid column As the temperature around the bulb heats up, the liquid expands and rises

Figure8: A Load Cell is a Transducer

3. Aload cell is a transducer that converts mechanical energyeietdrical sighalsAscompressive or
tensileforce is exerted on a load cetfie mechanical energy is converted into equivalent electrical
signals

How a load cell measures compression and tension force

As force is exerted on a load cell, the material deflects. The deflection is typically measured by a strain
gauge, which is placed on the material inside the load cell.
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Figure9: Strain Gauge

When placed appropriately, the stragauge will measure the change in resistance as force is apphied.
idealload cell only measures force in defined directions and ignores force components in all other
directions. Approaching the ideal involves optimizing many design chaic&sdingthe mechanical
structure, the gage pattern, placement on the gages, and the number of gages.

When a meter or indicator is hooked up to a load cell, it displays the force measurementA/lad.cell
may be calibrated at a company like Morehouse usirgdeesight primary standards known to within 0.002
% of applied force.lle machine's deadweights are adjusted for local gravity, air density, and material
density to apply the force accuratelyhe weights are used to calibrate the load,eellich may be usd to
calibrate and verify a testing machine.

3. Gompression and Tension Force Calibration
Thissectioncoversthe terms compression and tension and how they relate to force calibration.

What is aCompression Calibratioh
When discussing compression calibration, we should think about something being compressed or
something being squeezed. | like to describe carapion calibration as pushing or squeezing something.
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Compression calibration can be thought of as compressing or pushing

Figurel0: Compression Calibration Examples

Above are two examples of a compression setup in a calibrating machine. The machine on the left is
compressing both load cells by creating an upward force. The picture on the right is a compression setup in
the deadweight machine where a downward force qoesses the load cell.

The key to this type of calibration is making sure everything is aligned and that the line of force is as straight
as possible. | like to say free from eccentric or side forces. The key to proper alignment is using the right
adaptes in the calibrating machine, from alignment plugs to top adapters.

Morehouse has a technical paper mcommended compression and tensiadaptersfor force
calibrationthat can be found on ouwvebsite

What is aTension Calibratiofd

When discussing tension calibration, we should think of something being stretched. | like to describe
tension calibration as a pull.
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Tension calibration can be thought of as pulling or stretching the
material

Figurell: Tension Calibration Examples

Above are multiple examples of tension setups in calibrating machines. The machine on the left is the
Morehousebenchtop calibrating machiné\ dynamometer is fixed to a stationargdm, and force is

generated by pulling on both the load cell and the dynamometer. More examples are shown with different
instruments, from crane scales to hahdld force gauges. The picture on the right shows a load cell fixtured
for tension calibrationn a Morehousaleadweight machineThe load cell is fixtured to the frame, and the
weights are applied and hung, which stretches the material. The key to getting great results in tension
calitration is also adapters.

The ISO 376 Annex gives excellent guidance on adapters that help keep the line of forcespates, It
"Loading fittings should be designed in such a way that the line of force application is not distorted. As a
rule, tensile érce transducers should be fitted with two ball nuts, two ball gapsl, if necessary, with two
intermediate rings, while compressive force transducers should be fitted with one or two compression
pads” * Morehouse follows the ISO 376 standard for selvefaur products. We also design adapters to
help technicians and endsers to replicate and reproduce calibration results.

4. Calibration versus Verification

Calibration and verification are not the same. This section desdfieedifferences between calilbation and
verification

What is aCalibratior?

Let me start by stating that there are several definitions of calibration across multiple standards. My
favorite definitions are below

Calibration is the comparison of an unknown (typically referredstthe Unit Under Test or UUT) to a
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device known within a certain error (typically referred to as the Calibration Standard or Reference Standard)
to characterize the unknowrthus, ve are comparing something that we know to some degree of certainty

to somehing that may not be known or that needs to be checked at a time interval to assure drift and other
characteristics are kept under contrdlhus, in simple terms, calibration can be thought of as validation

S\ b ddustiguse

Calibration Defined per VIM 2.39

P Operation that, under specified conditions

» in a first step, establishes a relation between the quantity
values with measurement uncertainties provided by
measurement standards and corresponding indications
with associated measurement uncertainties and,

» in a second step, uses this information to establish a
relation for obtaining a measurement result from an
indication

MOTE 1 A calibration may be expressed by a statement, calibration funcfion,
calibration diagram, calibration curve, or calibration table. In some cases, it may

consist of an additive or mulliplicative correction of the indication with associated
measurement uncertainty.

MOTE 2 Calibration should not be confused with adjustment of a measuring
system, often mistakenly called “sel-calibration”, nor with verification of calibration.

Figurel2: Calibration Definition

The definition from the International Vocabulary of Metrology (VIM) in section 2.39 is interesting in that
many people assume calibration is also an adjustment. It is not. The id&ig Note 2, stating,

"Calibration should not be confused with a maerg system, often mistakenly called "seélibration," nor

with verification of calibration.” Think about it this way; when you send most instruments to a National
Metrology Institute such as NIST, they will only report the value of the device atisgiits and the
associated measurement uncertainties. Why? Because thausadcan take those values and use those
values with the associated measurement uncertainties as a starting point to characterize whatever is being
tested. Measurement uncertaintyill be explained in the next section.

When an eneuser uses a calibrated device, it is often under different conditions than when it was
calibrated. For example, if Morehouse calibrates a device in one of our deadweight machines known to
better than 0.@2 % of applied force, and the ender later uses this device, then the conditions will vary. It
is almost certain that their use conditions do not replicate those exactly of the lab performing the
calibration. For example, the temperature, rigidity oétmachine, and hardness of adapters could vary, and
their machine could introduce torsion, etc. These are only a few of several conditions that can impact the
results.

I like to explain that Morehouse calibrates the device and assigns a value that candidered the

Force Calibration Guidance for Beginners
Author: Henry Zumbrun, Morehouse Instrument Company
08/2021 Pagell



Morehouse Instrument Company
Nerefrowse ot
York, PA 17403-2675

[THE FORCE IN CALIBRATION SINCE 1925]

(717) 843-0081

expected performance of the device under the same conditions at which it was calibrated. Fheernd
then varies those conditions, which adds additional measurement uncertainty. Therefore, thesendan
use the calibration data as a stiaig point to evaluate their measurement uncertainty.

What isVerification?

The VIM in section 2.44 defines verification as the provision of objective evidence that a given item fulfills
specified requirements. Then the VIM goes on to list several iadditexamples:

1 Example 1: Confirmation that a given reference material as claimed is homogeneous for the
guantity value and measurement procedure concerned, down to a measurement portion having a
mass of 10 mg.

1 Example 2: Confirmation that performanpeoperties or legal requirements of a measuring system
are achieved.

1 Example 3: Confirmation that a target measurement uncertainty can be met.

Note 1: When applicable, measurement uncertainty should be taken into consideration.

Note 2: The item may be,g., a process, measurement procedure, material, compound, or measuring
system.

Note 3: The specified requirements may be, e.g., that a manufacturer's specifications are met.

Note 4: Verification in legal metrology, as defined in VIML [53], and in ouitjoassessment in general,
pertains to the examination and marking and/or issuing of a verification certificate for a measuring system.
Note 5: Verification should not be confused with calibration. Not every verification is a validation.

Note 6: In chmistry, verification of the identity of the entity involved, or of activity, requires a description
of the structure or properties of that entity or activity.

For example, 40,00Cloadcell, like the one shown below, is submittedNtwrehouse and found to be
within = 5 Ibf, as per the customer's required tolerance of 0.05 % of full.scale
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Mo efrotede

Figurel3: Morehouse UltraPrecision Load Cell

In this scenario, verification is more of a conformity assessment and should rwonhhgsed with

calibration. However, many commercial laboratories perform a calibration by reporting the applied force
and the device's corresponding measurement values for calibration. Then they make a conformity
assessment, which is a statement to thedarser that the device isither in or out oftolerance.They

typically say a device passes calibration or it fails calibration

The critical detail here is that to ensure measurement traceability, measurement uncertainties must be
reported. Youshould rot perform a calibration with a statement of verification without reporting the
measurement uncertainty. That uncertainty should be considered when making a statement of
conformance to a specification

Therefore, these definitions and examples shmw calibration and verification are not the same.
5. Measurement Uncertainty
What isMeasurement Uncertaint$

What measurement uncertainty is not is an error. It is imperative to understand the difference between
these two terms as they are often confuséttror is the difference between the measured value and the
device's actual value or artifact being measurement. In many cases, we try to correct the known errors by
applying corrections sometimes from the calibration certificate. These corrections caoureea a

diagram, a table, all items found in note 1 of the calibration definition from the VIM.

Uncertainty, often referred to as 'doubt," is the quantification of 'doubt’ about the measurement result. The
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VIM in section 2.26 defines uncertainty as a smagative parameter characterizing the dispersion of the
guantity values being attributed to a measurand, bdea the information used. The VIM goes into further
detail with several notes about the included components of measurement uncertainty, such as those arising
from systematic effect, components associated with corrections, assigned quantity values of enesisiu
standardsgetc. Measurement Uncertainty compromises many components.

OIML G 19:2017 sums the definition of uncertainty as "the concept of measurement uncertainty can be
described as a measure of how well the 'true’ value of the measurand is letbevwe known."

One ofthe bestguidesto Uncertainty is JCGM 100:2008 Evaluation of measurementtda®aide to the
expression of uncertainty in measurement free to downlaad
https://www.bipm.org/en/publications/quides/gum.html

In general, when you calculate measurement uncertainties following 1ISO "Guide to the Expression of
Uncertainty in Measurement" (GUM) ahdAC (International Laboratory Accreditation Cooperati®dh} as
required by ISO/IEC 17025 guidelines, you will need to consider the following:
1 Repeatability (Type A)
Resolution
Reproducibility
Reference Standard Uncertainty
Reference Standard Stability
Environmental Factors

= =4 =4 4 =4

Morehouse has written several published docurteeon the topic of measurement uncertaintje
have created a spreadsheet tool to help everyanerecty calculate uncertainty for forc®llowing
accreditation requirements and in line with JCGM 100:200&t tool can be found at
https://measurementuncertainty.info/

Why is Measurement Uncertainty Importar®

The uncertainty of the measurement is required to be reported on a certificate of calibrations if you are
accredited to ISO/IET7025:2017, as well as several other standards. It is essential if your customer may
want you to make a statement of conformance on whether the device or artifact is in tolerance or not. It
may need to be considered if you do a test and want to know ifilndce passes or fails. Measurement
Uncertainty is required to establish your measurement traceability, which is defined in the Vim as property
of a measurement result whereby the result can be related to a reference through a documented unbroken
chain ofcalibrationscontributing to the measurement uncertainty

Force Calibration Guidance for Beginners
Author: Henry Zumbrun, Morehouse Instrument Company
08/2021 Pagel4


https://www.bipm.org/en/publications/guides/gum.html
https://measurementuncertainty.info/

Morehouse Instrument Company
Nerefrowse ot
York, PA 17403-2675

[THE FORCE IN CALIBRATION SINCE 1925]

(717) 843-0081

Measurement Traceability and Uncertainties

Typical Metrological Traceability Uncertainties for Force Measurements

Traceable to Sl through a National Metrology

sl Institute (NMI) recognized under the CIPM MRA

| P
v & 1
‘ National Metrology L
Institute (NMI)

Typical Uncertainties for Force Measurement k =1
NIST = 0.0004 - 0.0005 %
Moretrowse =0.0008 %

Measurement
Uncertainty Data

Primary Reference Laboratory

is cumulative Meretrouse Instrument Company.

from one level of Accredited Calibration Supplier = 0.02 %
i = NS i = 5 o,

hierarchy to Accredited Calibration WoRinEBRInIaRE: =048

another! Field Measurement = 0.5 %

Service Supplier

Figurel4: An Example of Measurement Traceability for Force

In simplistic terms, the measurement uncertainty is crucial because you want to know that the laboratory
performing the calibration of your device or artifact can perform the calibration. If you need a device to be
known to within less than 0.02 %, you rhuse a calibration provider that gives you the best chance of
achieving that result. If the calibration provider has a stated measurement uncertainty of 0.04 %,
mathematically, they are not the right calibration lab to calibrate or verify your deviceitac.

Measurement uncertainty also keeps us honest. If a laboratiaiynstraceability to SI through NIST, the
larger the uncertainty becomes, the further away from NIST. The above picture shows this concept as the
further away from Sl units, themore significanthe uncertainty.

Your Measurement Uncertainty is directly affected by the standards used to perform the calibration
Morehouse offers the lowest uncertainties for a commercial calibration laboratory. We work with
customers to help lower themeasurement risk. We have been successful in helping our customers make
better measurements for over a century.

6. Load Cell Terminology

Non-Linearity, NorRepeatability, Hysteresis, and Static Error Bar@dcommon load cell terminology
typically found @ a load cell specification shedthere are several more terms regarding the characteristics
and performance of load cellslowever, chose these four because they are the most common
specifications found on certificates of calibration.
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When lroken out individually, these terms can hglpu select the right load cell for an applicatiddame of
these terms may nadbe as importantoday as theywereyears agdecauseahere are better meters
availablethat overcomeinadequatespecificationsOneexample isNon-Linearity An indicatorcapable of
multiple span points can significantly reduce the impac lofad cell's noHinear behavior.

The meanings for these terms are described in detail below

Model - Capacity (Ibf / kN)
Specifications

Accuracy

Static Error Band, % R.O. +0.02 +0.03 +0.03 +0.03 +0.05 +0.05
Non-Linearity, % R.O. +0.02 +0.03 +0.03 +0.03 +0.05 +0.05
Hysteresis, % R.O. +0.02 +0.04 +0.04 +0.04 +0.05 +0.05
Non-Repeatability, % R.O. +0.005 +0.005 +0.005 +0.005 +0.005 +0.005
Creep, % Rdg / 20 Min. +0.015 +0.015 +0.015 +0.015 +0.015 +0.015
Off-Center Load Sensitivity, %/in +0.1 +0.1 +0.1 +0.1 +0.1 +0.1
Side Load Sensitivity, % +0.1 +0.1 +0.1 +0.1 +0.1 +0.1
Zero Balance, % R.O. +1.0 +1.0 +1.0 +1.0 +10 +1.0

Figurel5: Morehouse Load Cell Specification Sheet

Non-Linearity: The quality of a function that expresses a relationship that is not one of direct proportion.
For force measurement®jon-Linearityis defined as the algebraic difference between the output at a
specfic load and the corresponding point on the straight line drawn between the outputs at minimum load
and maximum load. It usually is expressed in units of % of full scale. It is usually calculated betw&@n 40
% ofthe full scale.

Force Calibration Guidance for Beginners
Author: Henry Zumbrun, Morehouse Instrument Company

08/2021 Pagel6



Morehouse Instrument Company
Nerefrowse ot
York, PA 17403-2675

[THE FORCE IN CALIBRATION SINCE 1925]

(717) 843-0081

60

50

40
—@— Ascending

30 —&— Straight Line

20

10

0 10 20 30 40 50 60

Figurel6: NontLinearity Expressed Graphically

Non-Linearity is one of the specifications that wouldg@ticularly importantf the indicating device or
meter used with the load cell only has a tpoint span, such as capturing values at zero and agpar

close to capacity. The specification gives the-aadr an idea of the anticipated error or deviation from the
best fit straight line. Howevesuppose the endiser hasan indicatorcapable of multiple span points and
uses coefficients from an IS836 or ASTM E74 type calibration. In that céise nonlinear behavior can be
corrected,and the error significantly reduced.

One way to calculatBlon-Linearityis to use the slope formula or manually perform the calibration by using
the load cell outpuat full scale minus zero and dividing it by force applied at full scale and 0. For example, a
load cell reads 0 at 0 and 2.00010 mV/V at 1000 Ibf. The formula would be (2:0§q10000) = 0.002.

This formula gives you the slope of the line.

Pot the Non-Linearitybaseline as shown below using the formula of force applied * slope + Intercept ory =
mx +b. If we look at the 50 Ibf point, this becomes 50 * 0.0020001 +0 = 0.100005. Thus at 5(Nbf}the
Linearitybaseline is 0.100005.

To find theNon-Linearitypercentage, take the mV/V value at 50 Ibf minus the calculated value and divide
by the fultscale output multiplied by 100 to convert to a percentage. Thus, the numbers become ((0.10008
0.100005)/2.00010)100) = 0.004 %.
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Non-Linearity Calculations Ignoring Ending Zero though Running it through the formula

Non-
Force Appie: Linearity Non-Linearity
(Ibf) Run 1 Adjusted Base line (%FS) Non-linearity Line
0 0.00000 0 0.00C Slope= 0.0020001
50 0.10008 0.1000050 0.004 Intercept= 0
100 0.20001. 0.2000100 0.00C
200 0.40002° 0.4000200 0.00C
300 0.60001. 0.6000300 0.001 Non-linearity=0.004
400 0.80002° 0.8000400 0.001 (%FS)
500 1.0000% 1.0000500 0.00C
600 1.20002 1.2000600 0.002
700 1.40003 1.4000700 0.002
800 1.60004 1.6000800 0.002
900 1.80006 1.8000900 0.001
1000 2.00010 2.0001000 0.00C
0 0.00000 0

Figurel?7: NonLinearity Baseline
Non-Linearity Calculations Reducing Ending Zero

Force Appied (lbf) Run 1 Adjusted Non-Linearity Base lineNon-Linearity (%FS) Non-linearity Line
0 =(E7*$K$7+$K$8) =ROUND(ABS(F7-G7)/$F$18*100,3)  Slope= =(F18-F7)/(E18-E7)
50 0.10008 =(E8*$KST+$K$8) =ROUND(ABS(F8-G8)/$F$18*100,3)  Intercept= 0
100 0.20001 =(E9*$K$7+$K$8) =ROUND(ABS(F9-G9)/$F$18*100,3)
200 0.40002 =(E10*$K$7+$K$8) =ROUND(ABS(F10-G10)/$F$18*100,3)
300 0.60001 =(E11*$K$7+$K$8) =ROUND(ABS(F11-G11)/$F$18*100,3) Non-linearity=
400 0.800015 =(E12*$K$7+$K$8) =ROUND(ABS(F12-G12)/$F$18*100,3) (%FS) =MAX(H7:H19)
500 1.00005 =(E13*$K$7+$K$8) =ROUND(ABS(F13-G13)/$F$18*100,3)
600 1.200015 =(E14*$K$7+$K$8) =ROUND(ABS(F14-G14)/$F$18*100,3)
700 1.400025 =(E15*$K$7+$K$8) =ROUND(ABS(F15-G15)/$F$18*100,3)
800 1.60004 =(E16*$K$7+$K$8) =ROUND(ABS(F16-G16)/$F$18*100,3)
900 1.80006 =(E17*$K$7+$K$8) =ROUND(ABS(F17-G17)/$F$18*100,3)
1000 2.0001 =(E18*$K$7+$K$8) =ROUND(ABS(F18-G18)/$F$18*100,3)
=(

E19*$K$7+$K$8)

Figurel8: NontLinearity Calculations

Hysteresis The phenomenon in which the value of a physical property lags changes in the effect causing it.
Anexample is when magnetic induction lags the magnetizing force. For force measurements, hysteresis is
often defined as the algebraic difference between output at a given load descending from the maximum
load and output at the same load ascending from thaimum load.
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Figurel9: Hysteresis Example

Hysteresis is normally expressed in units of % full scale. It is normally calculated betwdEn4a®f full
scale. The graph above shows a typical hysteresis curve where the desamedisigrements have a slightly
higher output than the ascending curve.

If the enduser uses the load cell to make descending measurements, then they may want to consider the
effect of hysteresis. | say consider becaasether termmay better apply to usima load cell to make
ascending and descending measurements. That term is static error band, which is defined below.

Errors from hysteresis can be high enough that if a load cell is used to make descending measurements,
then it must be calibrated with aegcending range. The difference in output on an ascending curve versus a
descending curve can lsignificant For examplean exceptionally gooMorehouse 100K precision shear

web load cell had an output 62.03040 on the ascending curve a2d03126 on the descending curve.

Using the ascending only curve would result in an additional error of 0.042 %.

At Morehouse, our calibration lab sampleglveral instruments and recorded the following differences

Figure20: Errors From Hysteresis

Load cells from five different manufacturers were sampled, and the results were recorded. The differences
between the ascending and deswingpointsvaried from 0.007 % (shear web type cell) to 0.126%a
column type cellOn average, the difference was approximately 0.06 %. Six of the seven tests were
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