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On each part, more than : 
▪ 400 dim. measurements
▪ 100 geo. measurements

If 5 parts printed on 10 printers 
→ Huge dataset !
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1. Context and Motivations

2. Method

3. Results

▪ Dimensional performance

▪ Geometrical performance

▪ Overall performance

4. Conclusions and Future Research Opportunities

Presentation Plan
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Context and Motivations

ABS

Intamsys FunMat HT

Printers evaluated

→ 3 MEX printers using filaments

Ultimaker S3

ABS PLA

Ultimaker 2+

PLA

X

Z

Y

Context | Method | Results | Conclusions and Outlook

100 mm
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Context and Motivations

XY
Z

Test artifact selection

▪ From literature and based itself on the NIST 
test artifact 

▪ Adaptive design which can be fitted into any 
MEX printer with a build volume larger than 
132 mm x 132 mm x 17 mm (X, Y and Z)

▪ Systematic coverage of all achievable 
dimensional size ranges of ISO 286-1

Context | Method | Results | Conclusions and Outlook

[Spitaels2022] 
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Context and Motivations

ABS

Intamsys FunMat HT

Printers evaluated and their adapted GBTA designs

Ultimaker 2+ Ultimaker S3

PLA ABS PLA

X
Y

Z

X

Z

Y

100 mm

Context | Method | Results | Conclusions and Outlook
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Ultimaker 2+ Ultimaker S3

Intamsys FunMat HT

Context and Motivations

PLA ABS PLA

ABS

X
Y

Z

X

Z

Y

100 mm

Parts manufacturing

Context | Method | Results | Conclusions and Outlook
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Context and Motivations

Ultimaker 2+ 
PLA

Ultimaker S3 
ABS

Ultimaker S3 
PLA

Funmat HT 
ABS

Dimensional measurements 2170 1975 1975 2380

Geometrical measurements 705 685 685 725

Resulting Dataset

8500 dimensional measurements and 2800 geometrical measurements

Context | Method | Results | Conclusions and Outlook
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Context and Motivations

Context | Method | Results | Conclusions and Outlook
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Very complete but:

▪ Difficult to establish direct conclusions…

▪ Lack of overall view 

→ Introducing overall indicators is of prime interest
and can solve this problem !

Context and Motivations

Context | Method | Results | Conclusions and Outlook
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Very complete but:

▪ Difficult to establish direct conclusions…

▪ Lack of overall view

→ The data can be analyzed using the concepts of
Trueness and Precision from ISO 5725-1:

▪ Mean value (trueness) 

▪ Standard deviation between the different parts 
(precision)

+ 
▪ Standard deviation between the different axes 

(axes homogeneity)

Context and Motivations

Context | Method | Results | Conclusions and Outlook
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True and 
Precise

Not True 
But Precise

True But 
Not Precise

Not True and 
Not Precise

Method

Trueness and Precision – ISO 5725 

Context | Method | Results | Conclusions and Outlook
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True and 
Precise

Not True 
But Precise

True But 
Not Precise

Not True and 
Not Precise

Method

Trueness and Precision – ISO 5725 

Context | Method | Results | Conclusions and Outlook

Systematic error
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True and 
Precise

Not True 
But Precise

True But 
Not Precise

Not True and 
Not Precise

Method

Trueness and Precision – ISO 5725 

Context | Method | Results | Conclusions and Outlook

Systematic error Random error
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Method

Post treatment of the data – Dimensional measurements

ISO 286-1 method relying on the number of tolerance unit 𝑛 (dimensionless)

With: 

▪ 𝐷𝑛 the nominal dimension

▪ 𝐷𝑚 the measurement

▪ 𝐷1 and 𝐷2 the lower and upper 
bound of the dimensional size range

Context | Method | Results | Conclusions and Outlook
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Method

Post treatment of the data – Dimensional measurements

ISO 286-1 method relying on the number of tolerance unit 𝑛 (dimensionless)

Example:

▪ Measurement 𝐷𝑚 = 29.430 mm while the nominal dimension 𝐷𝑛 = 29.5 mm

▪ Size range: 18 mm — 30 mm → 𝑖 = 1.307 µm → 𝑛 = 54

With: 

▪ 𝐷𝑛 the nominal dimension

▪ 𝐷𝑚 the measurement

▪ 𝐷1 and 𝐷2 the lower and upper 
bound of the dimensional size range

Size range 
[mm]

1─3 

3─6

6─10

10─18

18─30

30─50

50─80

80─120

120─180

180─250

Context | Method | Results | Conclusions and Outlook
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Method

Post treatment of the data – Geometrical measurements

Same idea as for the dimensional measurements 

→ Making them dimensionless and independent of the feature dimension

→ No method in the standards: proposal of a dimensionless number 𝑔

Example:

▪ Flatness deviation of 0.174 mm 

▪ Plane of 50 mm x 50 mm → 𝑔 = 0.174/50 = 3.48

With:

▪ 𝐸𝑑𝑒𝑣 the measured deviation

▪ 𝐸𝑑𝑖𝑚 the main dimension of the measured 
element (def. from ISO 2768-2)

Context | Method | Results | Conclusions and Outlook
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Method

Post treatment of the data – Grouping data

Dimensional data:

▪ By printer, material, size range and principal axis

▪ Ex. U2+ PLA 18 mm – 30 mm X axis

Geometrical data:

▪ By printer, material, type and principal axis

▪ Ex. FHT ABS Flatness Z axis

Context | Method | Results | Conclusions and Outlook
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Method

Post treatment of the data – Computing indicators

For a given category:

▪ Trueness: mean → µ𝑛 and µ𝑔

▪ Precision: standard deviation → 𝜎𝑛 and 𝜎𝑔

▪ Axis homogeneity: standard deviation between the axes X, Y and Z → 𝜎𝑛, 𝑎𝑥𝑒𝑠 and 𝜎𝑔, 𝑎𝑥𝑒𝑠

Context | Method | Results | Conclusions and Outlook
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Results

Dimensional trueness, precision scores of the printers’ X axis 

Trueness of a printer = mean of its µ𝑛

Example:

▪ FHT ABS Trueness = 
1182

10
= 118 

Context | Method | Results | Conclusions and Outlook
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Results

Dimensional trueness, precision scores of the printers’ X axis 

Trueness of a printer = mean of its µ𝑛

Example:

▪ FHT ABS Trueness = 
1182

10
= 118 

Precision of a printer = mean of its 𝜎𝑛 

Example:

▪ FHT ABS Trueness = 
494

10
= 49 

Context | Method | Results | Conclusions and Outlook
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Results

Dimensional axes homogeneity scores of the Funmat HT

Axes Homogeneity of a printer = mean of its 𝜎𝑛, 𝑎𝑥𝑒𝑠 

Example:

▪ FHT ABS Axes homogeneity  = 
519

10
= 52 

Context | Method | Results | Conclusions and Outlook
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Results 
Indicator of Dimensional Performance (IDP)

Each IDP is a sum of the previous scores:

▪ IDP Trueness FHT = sum of the FHT Trueness scores

 →643 = 118+139+224+162

Context | Method | Results | Conclusions and Outlook
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Results 
Indicator of Dimensional Performance (IDP)

Each IDP is a sum of the previous scores:

▪ IDP Trueness FHT = sum of the FHT Trueness scores

 →643 = 118+139+224+162

▪ IDP Precision and Axes Homogeneity followed the 
same principle

Context | Method | Results | Conclusions and Outlook
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Results 
Indicator of Dimensional Performance (IDP)

Each IDP is a sum of the previous scores:

▪ IDP Trueness FHT = sum of the FHT Trueness scores

 →643 = 118+139+224+162

▪ IDP Precision and Axes Homogeneity followed the 
same principle

Context | Method | Results | Conclusions and Outlook
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Results 
Indicator of Dimensional Performance (IDP)

Each IDP is a sum of the previous scores:

▪ IDP Trueness FHT = sum of the FHT Trueness scores

 →643 = 118+139+224+162

▪ IDP Precision and Axes Homogeneity followed the 
same principle

Problem: different order of magnitude

Context | Method | Results | Conclusions and Outlook
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Results 
Indicator of Dimensional Performance (IDP)

Each IDP is a sum of the previous scores:

▪ IDP Trueness FHT = sum of the FHT Trueness scores

 →643 = 118+139+224+162

▪ IDP Precision and Axes Homogenneity followed the 
same principle

Problem: different order of magnitude

→ Nomalization of the IDP following:

Context | Method | Results | Conclusions and Outlook
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Results
Indicator of Geometrical Performance (IGP)

▪ Same principle as for the IDP.

▪ Indicator based on the dimensionless number 𝑔:

• µ𝑔 → Trueness

• 𝜎𝑔 → Precision 

• 𝜎𝑔, 𝑎𝑥𝑒𝑠 
→ Axes Homogeneity

▪ Normalization, as before, to have the same order of 
magnitude and allow comparisons

Context | Method | Results | Conclusions and Outlook
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Results
Overall Perfomance Indicators (OPI)

Averaging the normalized IDP and IGP:

▪ Obtain the OPI;

▪ Gives the same weight to dimensional and geometrical 
scores;

▪ Can be displayed as a radar graph to ease the read.

Context | Method | Results | Conclusions and Outlook
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Results
Overall Perfomance Indicators (OPI)

Averaging the normalized IDP and IGP:

▪ Obtain the OPI;

▪ Gives the same weight to dimensional and geometrical 
scores;

▪ Can be displayed as a radar graph to ease the read.

Context | Method | Results | Conclusions and Outlook

Overall Performance Indicator (OPI)
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▪ The Ultimaker 2+ using PLA exhibited the best overall
performance with the highest trueness and precision.

▪ The Funmat HT exhibited the best axes homogeneity.

▪ The Ultimaker S3 showed better performance using PLA
than ABS

→ Significant influence of the material choice on the
measured performance.
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Conclusions

Context | Method | Results | Conclusions and Outlook

Intamsys FunMat HT

Overall Performance Indicator (OPI)
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▪ The concepts of trueness, precision and axes homogeneity were used to rank the
the tested printers.

▪ The OPI gives an image of the overall dimensional and geometrical performance
in a single indicator.

▪ Precautions should be taken using the OPI since it can hide under performance
that can be detected using the IDP and IGP.

▪ The identical weights given to the IDP and IGP performance for the computation
of the OPI could be tuned.
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Conclusions

Context | Method | Results | Conclusions and Outlook
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▪ Measuring axis backlash and positioning repeatability to confirm the
better performance of the Funmat HT and Ultimaker 2+ in terms of
axes homogeneity.

▪ Quantifying the improvement of a printer after its modifications
(firmware update for the axes stepper calibration, new printing
parameters, e.g.) or compensation by using the proposed indicators.

▪ Adding other contributions into the OPI, such as the specific energy
consumption could be interesting to evaluate the performance of the
printers more comprehensively.
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Future Research Opportunities

Context | Method | Results | Conclusions and Outlook
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Square
Bore

Diamond

Circle

X

Y

5° ramp

NAS 979 for machining centers

Fine features:
Negative
Holes
Positive
Pins

Bores
Y

X

Staircases

Cylinders

Ramp

NIST Test artifact for AM printers 

Square base: 100 mm x 100 mm Square base: 100 mm x 100 mm

Context

Context | Method | Results | Conclusions and Outlook
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Method

XY
Z

Test artifact selection

▪ From literature and based itself on the NIST 
test artifact 

▪ Adaptive design which can be fitted into any 
MEX printer with a build volume larger than 
132 mm x 132 mm x 17 mm (X, Y and Z)

▪ Systematic coverage of all achievable 
dimensional size ranges of ISO 286-1

Context | Method | Results | Conclusions and Outlook

[Spitaels2022] 
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Context and Motivations

XY
Z

Test artifact selection

▪ From literature and based itself on the NIST 
test artifact 

▪ Adaptive design which can be fitted into any 
MEX printer with a build volume larger than 
132 mm x 132 mm x 17 mm (X, Y and Z)

▪ Systematic coverage of all achievable 
dimensional size ranges of ISO 286-1

Context | Method | Results | Conclusions and Outlook

[Spitaels2022] 
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Context
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Off-machine metrology

Measuring the part after its fabrication

Advantages:

Disadvantages:

→ Adapted for the industrial context with limited measuring means and machine modifications

→ Already used since decades for the performance assessment of machining center (NAS 979)

▪ Non-invasive for the machine
▪ Affordable 
▪ Conventional means (CMM, e.g.)) can be used for the parts measurement
▪ Comparison of several machines possible and eased

▪ No direct link between a deviation and its cause
▪ Design of the part conditioned by the measuring device foreseen

Context | Method | Results | Conclusions and Outlook
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Method

Parts manufacturing

Context | Method | Results | Conclusions and Outlook
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Method

Common printing 
parameters

Parts manufacturing

Context | Method | Results | Conclusions and Outlook
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Method

Measurement of the parts

▪ CMM Wenzel LH 54 with a PH10M Renishaw Head

▪ Probe diameter: 1.5 mm

▪ Part and skirt removed from the build platform 

Context | Method | Results | Conclusions and Outlook
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Results 
Geometrical trueness, precision and axes homogeneity scores

Mean value of 𝑔 : µ𝑔

Context | Method | Results | Conclusions and Outlook
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Results 
Geometrical trueness, precision and axes homogeneity scores

Mean value of 𝑔 : µ𝑔

→ Same principle as before, 
→ Idem for precison and axes homogeneity

Context | Method | Results | Conclusions and Outlook
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Results
Indicator of Geometrical Performance (IGP)

Each IGP is a sum of the previous scores:

▪ IGP Trueness FHT = sum of the FHT Trueness scores

 →13.426 = 1.671 + 1.275 + 2.088 + 8.392

▪ IGP Precision and Axes Homogenneity followed the 
same principle

Context | Method | Results | Conclusions and Outlook
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Results
Indicator of Geometrical Performance (IGP)

Each IGP is a sum of the previous scores:

▪ IGP Trueness FHT = sum of the FHT Trueness scores

 →13.426 = 1.671 + 1.275 + 2.088 + 8.392

▪ IGP Precision and Axes Homogenneity followed the 
same principle

→ Normalization, as before, to have the same order of 
magnitude and allow comparisons

Context | Method | Results | Conclusions and Outlook
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