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Abstract
One of the primary barriers for adoption of additive manufacturing (AM) had been the uncertainty in the performance of 
AM parts due to residual stresses/strains. The rapid melting and solidification which occurs during AM processes result in 
high residual stresses/strains that produce significant part distortion. While efforts to mitigate residual stresses, such as post-
process heat treatment, can reduce these effects, they nullify the benefits of the as-built component microstructure. Therefore, 
the ability to predict as-built component residual stresses and component deflection is crucial. AM-Bench seeks to provide 
modelers with high-fidelity data in well-characterized AM components to aid in model development and calibration. The 
measurements reported here are part of the 3D builds of nickel-based superalloy IN718 test objects for the CHAL-AMB2022-
01-PD modeling challenges. The part deflection measurements were performed using a coordinate measurement machine 
after the part was partially separated from the build plate.

Keywords Additive manufacturing · Residual stress · Stress relaxation · Distortion measurement

Introduction

A challenge inhibiting the widespread adoption of engi-
neering alloy components produced by additive manufac-
turing (AM) is the presence of high residual stresses. These 
residual stresses are due to high cooling rates and thermal 
gradients present within the AM process [1]. Presently, there 
is a need to validate and improve the accuracy of model pre-
dictions for residual stresses within AM components. The 
additive manufacturing benchmark test series (AM-Bench) 
was developed with the goal of enabling modelers to test 
their simulations against rigorous, highly controlled addi-
tive manufacturing benchmark test data. A description of 
how these part deflection measurements and other residual 
stress measurement techniques fit into the larger picture of 

AM-Bench is provided in the introductory article to this col-
lection [2].

In this work, the part deflection due to residual stress was 
evaluated for AM samples made from Inconel 718 (IN718), 
a solid solution hardened nickel-based super alloy. Addi-
tional information may also be found on the National Insti-
tute of Standards and Technology (NIST) AM-Bench web-
site at https:// www. nist. gov/ amben ch/ amb20 22- 01- bench 
mark- measu remen ts- and- chall enge- probl ems under section        
3.4 Part Distortion and are identified elsewhere as CHAL-
AMB2022-01-PD. This document provides a detailed 
description of the measurement procedure and analysis. This 
document presents the final measurement results, which can 
also be found at https:// www. nist. gov/ amben ch/ am- bench- 
2022- chall enge- probl ems- and- measu rement- resul ts by click-
ing the link to the measurement results under the heading 
AMB2022-01.

Experimental Procedure

Component Description and Experimental 
Motivation

The bridge structure parts investigated in this work were 
produced on the NIST additive manufacturing metrology 
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testbed (AMMT), a NIST-designed and built laser-process-
ing metrology platform, using IN718 powder. Detailed ref-
erences to the AMMT design, controller, and various other 
research may be found in [3]. The powder size distribution 
for the feedstock was characterized by NIST and measure-
ment results are available in [4, 5]. Detailed information on 
the build including the build layout, part geometry, build 
parameters, scan strategy, and build conditions can be found 
in [4]. The part measured was part 2 from build number 
7, or the AM-Bench sample designation AMB2022-718-
AMMT-B7-P2. No heat treatment was applied to the com-
ponent. The bridge structure utilized for the part deflection 
measurements was separated from others on the build plate 
using electrical discharge machining (EDM). The remaining 
portion of the build plate left below the bridge component 
was measured to be 100 mm ± 1 mm long, 11 mm ± 1 mm 
wide, and 12.5 mm thick. Prior to the measurements on the 
component, the ridges of the bridge structure were surface 
ground with minimal material removal to remove the surface 
texture created by the AM process. This created flat sur-
faces, which enabled repeatable tactile dimensional meas-
urements on the part. Six ridges on the component were 
measured using a coordinate measurement machine (CMM) 
after being surface ground to determine the initial height, 
zi,initial . The numbering convention of the ridges is defined in 
Fig. 1. Only these six ridges of the component were selected 
because they can be easily measured using the substitution 
method (see following sections). The bridge structure was 
then separated from the build plate using wire EDM such 
that only the end portion (under ridge 1 and ridge 2) remains 
attached. The cut portion of the structure deflected upward 
from relaxation of the as-built residual stresses. The ridges 
were then measured again using a CMM to capture the 
deflected heights, zi,cut . The component deflection for each 
ridge, �i , was then calculated as the difference between the 
initial and final ridge heights zi,cut − zi,initial = �i.

Description of the Substitution Method

To achieve deflection measurements with well-defined uncer-
tainty values, a substitution type measurement approach was 
utilized. The substitution method (ISO 15530-3 2011) provides 
“an experimental technique for simplifying the uncertainty 
evaluation of CMM measurements, whose approach (substi-
tution measurements) leads to measurements being carried out 
in the same way as actual measurements, but with calibrated 
workpieces of similar dimension and geometry instead of the 
unknown workpieces to be measured” [6]. This allows the 
uncertainty in the measurement of the reference object to be 
transferred to the measurement of the test object, which in this 
case is the bridge component, and includes the uncertainty due 
to the measurement procedure, the uncertainty from the cali-
bration of the calibrated workpiece, and the uncertainty due to 
the variations of the measured workpieces. This is represented 
by the following equation where U is the expanded uncertainty 
of the measurement process given by the summation in quad-
rature of several factors multiplied by a coverage factor, k:

These factors are the standard uncertainty associated with 
the calibration of the calibrated workpiece, ucal , the standard 
uncertainty associated with the measurement procedure, up , 
the standard uncertainty associated with the systematic error 
of the process, ub , and the standard uncertainty associated with 
material and manufacturing variations, uw.

The reference objects utilized in this work were gage block 
stacks of various heights wrung together to achieve height 
values comparable to the anticipated measurement heights. 
These stacks could comprise of up to three gage blocks. Thus, 
ucal of the gage block stack would be a combination of the 
uncertainty of each gage block in the stack. This is defined 
in Eq. 2, where Ucal,GBi is the uncertainty in the calibration of 
the ith gage block and ki is the coverage factor stated on the 
calibration certificate of the ith gage block.

The uncertainty associated with the measurement proce-
dure includes the repeatability of the measurement process. 
Thus, up is often defined as the standard deviation of repeated 
measurements utilized. However, the repeatability must be 
assessed in both the measurement of the reference object, 
up,GB , and of the test object, up,AM . In this work, up is defined 
as the addition in quadrature of the repeatability in these two 
measurement phases as in Eq. 3. Equations 4 and 5 detail the 
individual calculations for these values, where n is the number 
of measurements, y is an individual measurement, and y is the 
average of all measurements.
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Fig. 1  Bridge component with ridge number definition and indication 
of EDM cut location
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The uncertainty associated with the systematic error 
covers any terms which effect the bias of the measure-
ment results. In this work, these are associated with ther-
mal effects. The two terms are associated with these effects 
include the uncertainty in the coefficient of thermal expan-
sion of the reference objects, u

�,GBi , and the uncertainty of 
the temperature measurement device, uT . These two terms 
must be included for all gage blocks used. Thus, ub is defined 
in the following equation where T  is the temperature, l is the 
length of the gage block, and � is the coefficient of thermal 
expansion.

The uncertainty associated with manufacturing variations 
covers terms which differentiate the component from the 
reference object. In this work, this covers the difference in 
thermal expansion between the component, uwt , and the ref-
erence object and the variation of the surface texture within 
the object, uwp . The combination of these two terms form uw.

The uncertainty associated with the surface texture was 
calculated from the measurement of the surface texture of 
the bridge component. The uncertainty associated with dif-
ferences in the thermal expansion were calculated using the 
temperature measurements and the uncertainty in the coef-
ficient of thermal expansion.

These terms formed the uncertainty in height measure-
ment using the substitution approach. This was completed 
to form an uncertainty in the initial height UZi,initial and the 
uncertainty in the final height UZi,cut . Thus, the uncertainty 
in the deflection measurement, U

�,i was calculated as:
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In this experiment, the measurement bias, b , if shown to 
be repeatable, is assumed to be correctable. Therefore, the 
bias in the measurements can be calculated as the deviation 
of the mean value of measurements on the reference object 
from the true value of the reference.

The final measurement value is the subtraction of the ini-
tial from the final values, corrected for bias, with the stated 
uncertainty value.

Description of the Measurand on the Component

To ensure transparency in how the component would be 
measured, the following geometric dimensioning and tol-
erancing scheme was chosen for the component. The align-
ment of the component within the CMM was accomplished 
using the datum reference frame A, B, C respective to the 
order of precedence. For the individual ridge measurements, 
it was chosen not to calculate the height of the ridge relative 
to datum A. This was due to the anticipated relaxation of 
the distortion within the build plate. Because of the residual 
stress within the component, the build plate was bowed. 
When the component is cut for the deflected measurements, 
the build plate will also deflect. To minimize the influence 
of build plate distortion, two datum targets were defined on 
the areas of the build plate adjacent to the ridges. Thus, the 
deflection of the ridge is only measured to the adjacent build 
plate, minimizing the effects of the total distortion of datum 
A. As depicted, ridge one was measured relative to datum 
I, ridge two was measured relative to datum H, etc. (Fig. 2).

Description of the Reference Object and Similarity 
to the Measurand

A requirement of the substitution method is similar-
ity between the reference object and the test object. This 
includes similarity between the reference object and the test 
object in terms of the measurand, the measurement pro-
cedure, and the environmental conditions. In essence, the 
measurands evaluated on this component are step heights. 
Stacks of gage blocks were used to create step heights of 
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similar size to the bridge component in both the initial and 
cut states. This reference object was designed such that it 
was measured at nominally the same position within the 
measuring volume of the CMM using a similar measure-
ment procedure.

The gage block stacks were positioned using a spacer 
such that the measuring area of the block would be nomi-
nally in the same lateral position of the ridge to be meas-
ured, as shown in Fig. 3. In the initial state, the stacks 
of gage blocks were all the same nominal height as the 
bridge object, 12.5 mm. In the cut state, stacks of gage 
blocks equal in height to the deflected values measured in 
the 2018 AM-Bench challenge were used as predictions 
of the deflection. While these may not be the exact values 
observed here, they will be sufficient to discern if changes 
in the measured height affect the bias and uncertainty in 
the component measurement. The step heights were con-
structed by wringing together several blocks to achieve the 
appropriate stack height and cross wringing this stack to 
a base block. The base block was used as the lower plane 

of the step (shown as datum D comprised of two datum 
targets in Fig. 3), simulating the base plate of the bridge 
component, while the wrung blocks were used to simulate 
the ridges in the bridge component (shown as detail A in 
Fig. 3). The measurement area on this stack was limited 
to a 1 mm × 5 mm area to replicate the ridge of the bridge 
component.

Description of the Measurement Procedure

The measurement of the bridge component and reference 
object were completed in four stages in order to execute 
the substitution method for both the initial and cut states 
of the bridge object. In the first stage, the reference object 
was measured in the initial configuration. The gage block 
spacer was placed within the appropriate position of the 
measurement volume and the gage block stack was placed 
into position one. The component was then measured using a 
Giddings and Lewis CORDAX RS-5 CMM equipped with a 
Renishaw PH10M Probe Head and a Renishaw TP7M Probe. 
The measurements were performed using a 5 mm/s probing 
speed and a 1 mm diameter stylus. The coordinate system 
was located using datums A, B, and C. The reference plane 
was then measured by probing four points in each datum tar-
get zone of the datum surface. Then, six points were probed 
on the top of the gage block stack within the measurement 
area. The difference in height between the two planes was 
calculated by measuring normal to the established datum 
surface. The reference object was disassembled, and this 
process was repeated again for a total of eight measurements. 
This ensured that any potential error induced in fixturing was 
captured in the repeatability of the process. This procedure 
was completed again with the gage block stack moved into 
the next position. This was repeated until all six positions 
were complete. The temperature was measured during all 
steps in the measurement procedure.

Fig. 2  Definition of the measurement for the AM-Bench component

Fig. 3  Reference object and geometry and measurement definition for position one of the reference measurements
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In the second stage, the surface texture of the ridges on 
the bridge component was first measured using Focus Vari-
ation Microscopy. Measurements were performed using an 
Alicona InfiniteFocus G5 using a 5 × objective having a 
0.15 mm numeric aperture. This created a 1.76 µm point 
spacing for each individual measurement. The system has a 
23.5 mm working distance with the 5 × objective, allowing 
for a large vertical range of the part to be measured at each 
position. The results from this measurement were used to 
calculate uwp . After the surface texture measurements were 
complete, the bridge component was then measured using 
the CMM in a similar process. The component was aligned 
within the measurement volume in a position similar to the 
reference object. The bridge structure was supported on two 
dowel pins to prevent rocking of the component during the 
measurement process as shown in Fig. 4. The prescribed 
datums were used to determine the position of the compo-
nent within the measurement volume. Each ridge and datum 
pair were measured with four points per datum target com-
bining for eight points per datum. Six points were measured 
on the ridge and the height of the ridge was calculated. The 

remaining five ridges were then measured. The component 
was then removed, re-fixtured, and measured again. Ten 
repeat measurements were completed on the bridge compo-
nent. After the measurements were completed, the compo-
nent was cut using wire EDM.

In the third stage, the reference object was measured 
again using the same measurement procedure as described 
above, but using different heights of gage block stacks in 
the different positions. The height values used are listed in 
Table 1. After the measurements of the reference object were 
completed, the bridge component was measured again in 
the cut state using the same procedure as described above, 
concluding stage 4.

Results

Stage 1

The measurement results from stage 1 are shown in Table 2. 
Both the repeatability and the bias of the measurements are 
surprisingly good given the rated volumetric accuracy of 
the CMM. This is largely attributed to the unidirectional 
nature of the measurements eliminating the lobing effects 
of the probe. The values for up are all under 0.2 µm, indi-
cating very high repeatability of the measurement process, 
even with the re-fixturing of the component between each 
replicate measurement. Due to changes in the measurement 
environment, the temperature increased in the positions that 
were measured later in the process. Since the measurements 
were taken at non-standard temperature, the measured mean 
values were corrected to the expected length at standard tem-
perature. The values for compensation were at most 0.27 µm, 
and the uncertainty in this value is included in ub . The bias 

Fig. 4  Setup of the bridge component within the CMM (a) and show-
ing a detailed image of fixturing to dowel pins to ensure stability of 
the component (b)

Table 1  Heights of height block 
stacks used in stage 3 of the 
measurement procedure

Position 1 Position 2 Position 3 Position 4 Position 5 Position 6

Height (mm) 12.5 12.5 12.64 12.87 13.25 13.77

Table 2  Stage 1 measurement 
results

Position 1 Position 2 Position 3 Position 4 Position 5 Position 6

Calibrated height (mm) 12.49999 12.49999 12.49999 12.49999 12.49999 12.49999
ucal (µm) 0.04 0.04 0.04 0.04 0.04 0.04
Mean (mm) 12.4995 12.4999 12.4995 12.4998 12.5000 12.5000
up,GB (µm) 0.13 0.16 0.11 0.14 0.15 0.06
T—mean temperature (°C) 18 18 18 19 19 19
Uncertainty in temperature (°C) 1 1 1 1 1 1
ub—bias uncertainty (µm) 0.12 0.12 0.12 0.12 0.12 0.12
Mean corrected to 20 °C (mm) 12.4998 12.5002 12.4997 12.4999 12.5001 12.5001
b—bias (µm) − 0.22 0.18 − 0.26 − 0.09 0.11 0.10
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between the measured values and the calibrated gage block 
stacks were again very low compared to what was expected. 
The largest bias value observed was − 0.26 µm, indicating 
good agreement between the calibrated value and the meas-
urements performed by the CMM. These results indicate 
good performance of the measurement system, allowing for 
progression to stage 2.

Stage 2

The results of the surface texture measurement of one 
ridge of the bridge component are shown in Fig.  5. 
Instead of calculating parameters to describe the 

roughness of the surface, (such as Sa or Sq) and deriv-
ing a value for the uncertainty due to the surface rough-
ness, the distribution of the surface texture was directly 
analyzed. The standard uncertainty associated with vari-
ations in surface texture, uwp , was chosen as one standard 
deviation of the distribution of surface variation within 
the measurement area on the ridge of the ridge compo-
nent, which is shown to be normal in Fig. 5. This resulted 
in a uwp value of 1.5 µm.

The results from the stage 2 CMM measurements are 
shown in Table 3. The low values of up,AM once again indi-
cate a very repeatable measurement process, with all val-
ues under 0.3 µm. While the temperature remained stable 
throughout these measurements, they remained below 20 °C. 
Thus, these values again needed correction to the reference 
temperature. The contribution from surface texture is clearly 
the largest contributor to the uncertainty, with the uwp value 
of 1.5 µm.

Table 4 presents the standard uncertainties combined 
in quadrature to form the final measurement uncertainty, 
U , and the measured value, Y  . Clearly, the measurement 
uncertainty is dominated by the contribution of surface 
texture, leading to a uw of 1.51 µm. The expanded uncer-
tainty (k = 2) for all ridges was calculated to be 3 µm. The 
height of ridges one through six were measured to have 
a range of 0.185 mm. The variation in ridge heights can 
be observed to be largely parabolic in Fig. 6. While all 
ridges were surface ground to lie within the same plane, 
the build plate was significantly warped due to the residual 

Fig. 5  Surface measurement of bridge object. The left image shows 
the area analyzed on the ridge, marked by the red rectangle. The right 
image shows the distribution of surface heights within the measure-
ment area

Table 3  Stage 2 measurement 
results

Ridge 1 Ridge 2 Ridge 3 Ridge 4 Ridge 5 Ridge 6

Mean (mm) 11.9761 12.1033 12.1617 12.1602 12.1005 11.9940
up,AM (µm) 0.13 0.20 0.26 0.10 0.17 0.20
T—mean temperature (°C) 18 18 18 18 18 18
Uncertainty in temperature (°C) 1 1 1 1 1 1
Mean corrected to 20 °C (mm) 11.9765 12.1037 12.1620 12.1605 12.1008 11.9943
uwt (µm) 0.16 0.16 0.16 0.16 0.16 0.16
uwp (µm) 1.50 1.50 1.50 1.50 1.50 1.50

Table 4  Initial bridge 
component measurement results

Ridge 1 Ridge 2 Ridge 3 Ridge 4 Ridge 5 Ridge 6

ucal (µm) 0.04 0.04 0.04 0.04 0.04 0.04
ub (µm) 0.12 0.12 0.12 0.12 0.12 0.12
uw (µm) 1.51 1.51 1.51 1.51 1.51 1.51
up (µm) 0.19 0.26 0.28 0.18 0.22 0.21
zi,initial (mm) 11.9767 12.1035 12.1623 12.1606 12.1007 11.9942
± Uzi,initial

 (mm) 0.0030 0.0031 0.0031 0.0030 0.0031 0.0031
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stress accumulated within the component during the build 
process. Figure 7 displays this form variation in the build 
plate. The ends of the plate are bowed upward and the 
total form error (of the points measured) was measured 
to be 0.246 mm.

Stage 3

Table 5 shows the stage 3 measurement results. Since dif-
ferent gage block stacks were required for this stage, differ-
ent values of ucal were utilized. However, the uncertainty 
in the height of the gage block stacks were all sufficiently 
low. The values for all gage block stacks and the uncertainty 
values are recorded in Table 10 in the Appendix. Some dif-
ferences in the repeatability are observed between the stage 
1 and stage 3 results. The repeatability of some positions 
has improved (2, 3, 6), while others have degraded (1, 4, 5). 
However, the largest change was found to only be 0.1 µm. 
Again, the temperature was stable, but below standard tem-
perature. Changes in the bias can also be observed. The 
largest bias change between stage 1 and 3 was 0.27 µm in 
position 2.

Stage 4

Table 6 shows the results of the stage 4 measurements. Envi-
ronmental control was restored for this stage of the measure-
ments and all measurements were taken at standard refer-
ence temperature. Thus, the measured values did not need 

Fig. 6  Initial bridge component height measurements

Fig. 7  Form variation on build plate in the initial state

Table 5  Stage 3 measurement 
results

Position 1 Position 2 Position 3 Position 4 Position 5 Position 6

Calibrated Height (mm) 12.49999 12.49999 12.63999 12.87002 13.2501 13.77005
ucal (µm) 0.04 0.04 0.07 0.07 0.07 0.06
Mean (mm) 12.4997 12.4996 12.6395 12.8697 13.2498 13.7699
up,GB (µm) 0.20 0.13 0.04 0.21 0.25 0.03
T—mean temperature (°C) 18 18 18 18 18 18
Uncertainty in temperature (°C) 1 1 1 1 1 1
ub—bias uncertainty (µm) 0.12 0.12 0.12 0.12 0.12 0.12
Mean corrected to 20 °C (mm) 12.49995 12.49990 12.63979 12.86997 13.25004 13.77021
b—bias (µm) − 0.04 − 0.09 − 0.20 − 0.05 − 0.06 0.16

Table 6  Stage 4 measurement 
results

Ridge 1 Ridge 2 Ridge 3 Ridge 4 Ridge 5 Ridge 6

Mean (mm) 11.9742 12.1188 12.3447 12.6837 13.1590 13.8032
up,AM (µm) 0.14 0.18 0.14 0.12 0.16 0.29
T—mean temperature (°C) 20 20 20 20 20 20
Uncertainty in temperature (°C) 1 1 1 1 1 1
uwt (µm) 0.16 0.16 0.16 0.17 0.17 0.18
uwp (µm) 1.50 1.50 1.50 1.50 1.50 1.50
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correction. The repeatability of this stage is also comparable 
to the results observed in stage 2.

Table 7 presents the uncertainties in the stage 4 meas-
urement results. Again, the measurement uncertainty is 
dominated by the surface texture, uw . Despite changes in 
ucal and up , the expanded uncertainty (k = 2) is very similar 
between the initial and cut measurements. The heights of 
the ridges clearly have deflected upward with the release 
of the residual stress. This is shown in Fig. 8. The influ-
ence of the build plate deflection is less apparent in the 
cut state, as the trend is dominated by the deflection. Fig-
ure 9 displays the form variation of the build plate in the 
as cut state. The form error of the measured points was 
0.053 mm, showing significant relaxation of the build 
plate.

Deflection Measurements

Table 8 presents the final deflection measurement results. 
Through the combination in quadrature of the two com-
bined standard uncertainties multiplied by the cover-
age factor (k = 2), the final uncertainty in the deflection 
measurements for all ridges was calculated to be 4.3 µm. 
The deflection measurement results are also shown in 
Fig. 10. As expected, minimal deflection is observed in 
ridges one and two, with the measured deflection in ridge 
one being within the uncertainty bounds. The remaining 
ridges follow a parabolic upward deflection.

Table 7  Cut bridge component 
measurement results

Ridge 1 Ridge 2 Ridge 3 Ridge 4 Ridge 5 Ridge 6

ucal (µm) 0.04 0.04 0.07 0.07 0.07 0.06
ub (µm) 0.12 0.12 0.12 0.12 0.12 0.12
uw (µm) 1.51 1.51 1.51 1.51 1.51 1.51
up (µm) 0.24 0.22 0.15 0.24 0.29 0.30
zi,cut (mm) 11.9742 12.1189 12.3449 12.6838 13.1590 13.8030
± Uzi,cut

 (mm) 0.0031 0.0031 0.0030 0.0031 0.0031 0.0031

Fig. 8  Cut bridge component height measurements

Fig. 9  Form variation on build plate in the cut state

Table 8  Deflection 
measurement results

Ridge 1 Ridge 2 Ridge 3 Ridge 4 Ridge 5 Ridge 6

�i (mm) − 0.0025 0.0154 0.1826 0.5232 1.0583 1.8088
± U

(

�i

)

 (mm) 0.0043 0.0043 0.0043 0.0043 0.0043 0.0043
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Conclusion

This work presented a complete description of the 
measurement methodology and results of the CHAL-
AMB2022-01-PD. Care was taken to provide a well-
defined measurand for the challenge to allow comparabil-
ity between simulation results. A rigorous methodology 
was implemented to quantify the uncertainty in the height 
measurement of the bridge component. The final deflection 
results are presented with a well quantified uncertainty 
value.

Appendix

See Tables 9 and 10.

Fig. 10  Deflection measurement results

Table 9  Stage 1 gage block stacks

Ridge 1 Ridge 2 Ridge 3 Ridge 4 Ridge 5 Ridge 6

GB 1
 Nominal height (mm) 10.50 10.50 10.50 10.50 10.50 10.50
 Bias (µm) − 0.01 − 0.01 − 0.01 − 0.01 − 0.01 − 0.01
 Uncertainty (k = 2) (µm) 0.07 0.07 0.07 0.07 0.07 0.07
 CTE (mm/(mm K)) 1.08E−05 1.08E−05 1.08E−05 1.08E−05 1.08E−05 1.08E−05
 CTE uncertainty 5.40E−07 5.40E−07 5.40E−07 5.40E−07 5.40E−07 5.40E−07

GB 2
 Nominal height (mm) 2.0 2.0 2.0 2.0 2.0 2.0
 Bias (µm) 0.00 0.00 0.00 0.00 0.00 0.00
 Uncertainty (k = 2) (µm) 0.06 0.01.08E−05 0.06 0.06 0.06 0.06
 CTE (mm/(mm K)) 1.08E−05 6 1.08E−05 1.08E−05 1.08E−05 1.08E−05
 CTE uncertainty 5.40E−07 5.40E−07 5.40E−07 5.40E−07 5.40E−07 5.40E−07
 Calibrated height (mm) 12.49999 12.49999 12.49999 12.49999 12.49999 12.49999
 ucal (µm) 0.04 0.04 0.04 0.04 0.04 0.04
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