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Abstract 

Accuracy is a prerequisite for modern manufacture, and length metrology (also commonly referred 

to as dimensional or geometrical metrology) is the tool to control accuracy. Length measurements 

must always refer to 20 °C, zero force and 50 %RH (in case of polymer parts). 

Polymers are relatively less stable materials as compared to metals and ambient conditions highly 

affect their dimensions and hence polymer parts show shrinkage and creep behavior at room 

temperature due to their low melting point and weak atomic bonding compared to metals. 

Consequently, the traditional method of dimensional validation of polymer parts with micrometer 

level accuracy is performed by measurement of the so-called reference dimension in a laboratory 

with controlled environment long time after production because the parts need time to “settle” 

(which for some polymer materials takes weeks). However, in the manufacturing industry there is 

an increasing push for measurements being performed already soon after production in a non-

controlled environment in order to reduce the waiting time for quality control and the cost for 

equipment in a  control laboratory, - but without compromising the level of accuracy. The target of 

the present PhD study is thus to provide a procedure to measure the dimension of specific polymer 

parts in the production with an uncertainty less than 10 μm. This is done by firstly classifying the 

influencing parameters on dimension of polymer parts and not surprisingly the performed literature 

review shows that temperature, moisture, shrinkage and probe force are the main factors affecting 

dimensions and consequently also the uncertainty of the measurements.  

The relation between dimension and temperature is described by the Thermal Expansion Coefficient 

(CTE). The wide range of the CTE values often encountered in polymer manufacturers’ datasheets 

as well as the 3D nature of the temperature field in the part right after production leads to an 

increase in the uncertainty beyond the above mentioned aimed value of 10 μm. This means that 

simple 1D based compensation for the thermal effect on dimension is typically not possible in a real 

production environment. Depending on the case at hand, the actual 3D temperature field in 

production must be reconstructed based on a very limited number of temperature measurements at 

the surface of the part and subsequently be used in a 3D thermomechanical calculation of the 

dimensional changes when cooling the part down to the reference state of a uniform temperature 

field of 20 °C. This however calls for relatively heavy 3D FE-analyses, which make this procedure 

not suited for in-line corrections in production. If however a number of these 3D FE analyses are 

made a priori with proper variations of boundary conditions, simple correction formulae suitable for 

in-line corrections can be constructed. Two examples of this procedure are presented in the thesis. 

In the first, a steel gauge block is measured (a limited number of temperatures at the surface and 

one measurement of the length) and it turns out that this case is quite close to 1D such that the 

classical compensation procedure yields almost the same accuracy as the 3D thermomechanical 

analysis.  In the second case, however, a LEGO brick is measured while sitting in a fixture and this 



iv 

case is by no means 1D so here the full-blown 3D thermomechanical analysis really shows its 

potential.  

Apart from the thermal effect, the dimension of the polymer part is also influenced by the variation 

in the relative humidity of the ambient. The water molecules diffuse to the molecular structure of 

the polymer and this disorders the atomic bonds and consequently exhibits an effect on physical 

properties and dimension. To quantify this, an experimental study was carried out to obtain the 

moisture expansion coefficient (CME) which (similarly to the CTE) provides a measure of the 

corresponding relative length variation due to change in concentration content. The obtained values 

for the CME were then subsequently used in a numerical simulation of the effect of moisture on 

final dimensions. 

Moreover, as mentioned before the injection moulded polymer parts experience long-term 

shrinkage from the time of production and several weeks onwards. This phenomenon which most 

likely is attributed creep was described numerically by a simple Kelvin-Voigt model based on 

measurements over a period of 60 days from the time of production. 

The measurement equipment (force probes) furthermore can deform the polymer part and hence 

influence the measured length - even though the forces are very small they still have to be 

considered since their contribution to the measured length might be comparable to the desired 

accuracy. Hence, classical Hertzian contact theory was used to suggest an analytical solution for the 

compensation of the effect of probe forces on dimension. To support this, corresponding numerical 

modelling as well as experimental investigations were carried out.  

As a final part of the PhD project and to make the picture complete, the thermal stability of tools 

used in e. g. injection moulding or subsequent machining of metallic parts was analyzed and a 

model for predicting and visualizing the various heat fluxes in an applied tool was proposed. 

The developed simple expression for compensating for all the effects combined was finally applied 

to two cases in order to predict the reference dimension for final validation: 1) Measurement of 

polymer parts 4 days after production and 2) Measurement of polymer parts right after production. 

The results showed that the proposed Dynamic Length Metrology (DLM) algorithm was capable of 

predicting the reference dimension with an expanded uncertainty of 10 μm.  
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Resumé 

Nøjagtighed og overholdelse af geometriske tolerancer er en forudsætning for moderne industriel 

fremstilling, og geometrisk metrologi er det fagområde, der beskæftiger sig med det, og derfor også 

en nødvendighed i sikringen af, at de foreskrevne tolerancer opnås. Det er vigtigt her at understrege, 

at dimensionsmålinger altid skal referere til 20 °C, ingen påtrykte mekaniske belastninger og 

50 %RH (relevant for polymeremner). 

Polymerer er dimensionsmæssigt mindre stabile end f.eks. metaller og omgivelsernes tilstand 

påvirker derfor deres dimensioner i høj grad, og polymermener udviser da også tidsafhængige 

deformationer selv ved stuetemperatur, hvilket bl.a. skyldes deres lave smeltepunkt og svarg 

atomare bindinger sammenlignet med metaller. 

Derfor opmåles polymeremner altid ved den såkaldte referencetilstand i et laboratorium med 

kontrolleret miljø lang tid efter produktionen af emnerne, således at disse har haft den nødvendige 

tid til at ”sætte sig” (hvilket kan tage adskillige uger). 

Der har dog i fremstillingsindustrien været et længe næret ønske om at kunne foretage opmålingen 

af emnerne allerede i produktionen for derved at kunne foretage kvalitetskontrollen stort set med det 

samme - i stedet for at vente flere uger og ydermere spare udgiften til et avanceret reference 

laboratorium – alt dette dog uden at gå på kompromis med nøjagtigheden af målingerne.  

Målet for nærværende PhD projekt er derfor at foreslå en procedure med hvilken, det er muligt 

allerede i produktionen at kunne forudsige polymeremners geometriske dimensioner med en 

nøjagtighed på 10 μm. For at opnå dette er der som en naturlig første del af arbejdet blevet lavet en 

klassificering af de forskellige forhold, der influerer de endelige dimensioner, og ikke overraskende 

har studiet af litteraturen på området vist, at temperaturer, fugtforhold, tidsafhængig 

materialeopførsel som krybning og mekaniske belastninger fra måle-prober, spiller en rolle.  

Sammenhængen mellem dimensioner og temperaturer er generelt givet via den termiske 

udvidelseskoefficient (CTE). For polymer materialer varierer CTE betydeligt afhængig af 

producenten, hvilket fremgår af de tilhørende datablade, og ydermere så er temperaturfeltet i emnet 

lige efter udstødning fra sprøjtestøbemaskinen snarere 3D end 1D, hvilket betyder at den ønskede 

nøjagtighed på 10 μm kan være svær at opnå med traditionelle metoder baseret på simpel 1D 

temperaturkompensation. 

Man vil derfor ofte være nødt til at rekonstruere det 3-dimensionelle temperaturfelt baseret på et 

begrænset antal målinger foretaget på overfladen af emnet, og dernæst anvende det i en 3D 

termomekanisk beregning for at kunne forudsige emnets dimensioner ved reference tilstanden på 

20 °C overalt i emnet. Sådanne 3D FE analyser er dog relativt beregningstunge, og vil derfor ikke 

kunne bruges til in-line korrektion i produktionen. Hvis man derimod gennemfører en hel række 3D 

FE beregninger på det aktuelle emne a priori, hvori termiske randbetingelser varieres indenfor 

realistiske rammer, vil man kunne få et simpelt udtryk, der så at sige ”indeholder 3D information”, 
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men samtidig kan bruges til in-line korrektion. To eksempler på en sådan procedure er blevet 

undersøgt i projektet. I det første er et reference stålemne blevet opmålt (3 temperaturer i overfladen 

samt 1 længde i bunden emnet), og det viste sig, at temperaturfeltet kunne beskrives ved en 

overordnet gennemsnitsværdi, og at den klassiske 1D procedure for termisk kompensation derfor 

næsten gav samme nøjagtighed som den mere avancerede 3D FE analyse. I det andet tilfælde blev 

en LEGO klods i et målefikstur analyseret, og ikke uventet viste det sig her, at den 1D procedure 

ikke gav realistiske resultater, men at den 3D FE analyse skulle bruges i stedet. 

Ud over temperaturen påvirker også fugtniveauet den endelige dimension.  For at kvantificere dette, 

blev der foretaget målinger til bestemmelse af fugtudvidelseskoefficienten (CME), som angiver 

sammenhængen mellem den relative deformation og fugtindholdet udtrykt som koncentration. De 

fundne værdier blev herefter anvendt i en numerisk simulering af fugtindholdets indflydelse på de 

endelige dimensioner. 

Som førnævnt, udviser polymeremner deformation over længere tid fra produktionen og adskillige 

uger frem. Dette fænomen, som formentlig skyldes krybning i materialet, er i projektet blevet 

beskrevet med en simpel fænomenologisk Kelvin-Voigt model baseret på målinger på emner i tiden 

fra fremstillingen og 60 dage frem. 

Ydermere skal den mekaniske påvirkning fra måleproberne også medtages, - selvom kræfterne er 

meget små, vil de stadig kunne føre til deformationer af samme størrelsesorden, som de andre 

fænomener, og de skal derfor medtages i den endelige beregning af referencelængden. Dette blev 

adresseret med klassisk Hertz-kontakt teori og et analytisk udtryk blev udviklet. Dette blev så 

sammenholdt med tilsvarende numeriske beregninger og eksperimenter. 

Derudover blev også den termiske stabilitet af værktøjer, der typisk bruges i sprøjtestøbning eller 

ved efterfølgende mekanisk bearbejdning af metalemner undersøgt, og en model for de overordnede 

energistrømme for det sidste tilfælde blev foreslået. 

Til sidst blev det opstillede, simple kompensationsudtryk for den endelige dimension testet på to 

eksempler: 1) Opmåling af polymeremner 4 dage efter produktionen og 2) Opmåling af 

polymeremner i selve produktionen. Resultaterne viste, at det foreslåede ”Dynamic Length 

Metrology” (DLM) udtryk kunne forudsige den endelige dimension inden for den ønskede tolerance 

på 10μm.  
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u(θS) Uncertainty of temperature differences from 20 °C  for standard artifact 

u(β) Uncertainty of the moisture expansion coefficient 

u(δlcr) uncertainty of the creep model 

 
0

 L

crlu  Uncertainty of crl with respect to Lε0 
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Chapter 1  
Introduction 

In this chapter the motivation for the project is discussed and the relevant research from literature 

reviewed in order to obtain the sufficient overview of previous studies in the field. 

1.1 Motivation 

Modern manufacturing technologies require manufacturing of polymer parts with dimensional 

tolerances of a few micrometers, and this is the case in the production of critical components for 

industries such as automotive, toys, aerospace, medical, etc. The polymer industry is constantly 

facing cost-effectiveness requirements, which call for more effective process control. However, it is 

critical to come up with new innovative ways of integrating high accuracy in the production. One of 

the requirements for high accuracy production is the quality inspection of products right after 

production. Such quality inspection provides feedback for potential adjustment of the 

manufacturing process parameters if a product starts to deviate from the prescribed tolerances. 

Hence, moving the quality control from the metrology lab as close to the production line as possible 

allows for a reduction in scrapped parts and hence improves the return from the production. 

One of the common quality inspection methods is dimensional measurements. In a dimensional 

measurement, the physical size of a product is quantified. A measurement is an estimation of the 

dimension, which has to be followed by an uncertainty in order to quantify the bounds for the 

measurement.  

The definition of measurement as stated in the ISO standard on metrology vocabulary in [1] is  “The 

process of experimentally obtaining one or more quantity values that can reasonably be attributed 

to a quantity”. The definition of uncertainty as given in this standard [1] is “The parameter 

associated with the result of a measurement that characterizes the dispersion of the values that 

could reasonably be attributed to the measurand”. The sources of such uncertainties are shown in 

Figure  1.1. 
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Figure 1.1: Uncertainty components in a measurement [2] 

The sources of uncertainty such as environment, measuring procedure, measuring object and 

measurement equipment for polymer parts are significant since the atomic bonds in polymer 

materials are relatively weak compared to metals and they are less stable than metals at room 

temperature. More specifically, the dimension of a polymer part is directly related to the 

temperature and relative humidity. Here, the CTE value is sufficiently large to have a micrometer 

effect on the dimensions at room temperature. The water molecules in the air diffuse into the 

polymer structure. The dimensions of polymer parts are directly related to the amount of moisture 

absorption by the CME value. Moreover, the measurement force from force probes, which can be 

ignored when measuring on metal parts is significant for polymer parts due to the low Young’s 

modulus.  

Another issue with dimensional measurements of polymer parts is the long waiting time between 

production and actual measurement at the reference state because the parts need to be stable. For a 

polymer part, which is produced by injection moulding, different time constants for temperature 

acclimatization, moisture saturation and shrinkage stabilization prevent standard methods of quality 

inspection to be performed right after production. The thermal acclimatizing time for thin-walled 

polymer parts such as LEGO bricks is relatively short, around 5-10 minutes. However, it of course 

depends on the temperature, geometry and boundary conditions. The moisture diffusion is more 

time consuming since moisture diffusion in general is a much slower process than thermal 

diffusion. Moreover, the polymer parts right after injection moulding are dry and it takes a few days 

to reach equilibrium with the relative humidity of the environment – which in turn varies closely 

with the ambient temperature. If the dimensional measurement is performed when the part has non-

uniform saturation, it results in a larger uncertainty in dimensional measurement. Another parameter 

is the post-mould shrinkage after injection moulding which influences the dimension for several 

weeks, this phenomenon is most likely attributed to creep which in turn might be driven by small 

residual stresses from injection moulding as well small stresses from the uneven temperature and 
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concentration field. The measurement before stabilization in general causes incorrect dimension 

measurement with an inherent uncertainty due to a high influence of uncertainty sources on the 

measurement and a long-waiting time for acclimatization, saturation and stabilization. 

As earlier stated, in traditional measurements the influence from the environmental conditions are 

reduced by performing the measurement in controlled laboratory facilities at reference conditions of 

20 °C, 50 %RH and postponing the measurement until the part has stabilized which is costly and 

time consuming. 

The innovative remedy to circumvent this is to perform prior experiments to compensate for the 

effect of influencing factors (temperature, moisture, shrinkage and measurement force) on 

dimension and uncertainty instead of doing measurement in a controlled laboratory. Potentially, this 

would eliminate the long waiting times for the quality control of the products. Such a new concept 

would require a system capable of providing reliable traceable measurements directly in the 

production environment for rapid optimization of process parameters. To reach this goal, the 

following is required: 

1. A metrological analysis of the selected measuring process of a given part - taking all 

relevant influential factors and uncertainties into account. 

2. A 3D modeling tool to predict the thermal and moisture induced strains as well as shrinkage 

due to creep. 

3. Proposing simple prediction algorithms on the basis of 3D numerical simulations made a 

priori in combination with experimental studies in order to predict the reference dimensions 

by measurements performed at the production line. 

 

1.2 Literature review 

The level of plastic material production in the world was 320 million tons in 2013 and the European 

plastic industry ranks second in the world just after China [3]. 23% of all polymer parts in Europe 

are processed by injection moulding [4]. A substantial effort has been carried out recently to 

optimize the injection moulding process in order to achieve tighter industrial tolerances for polymer 

parts. This optimization is performed by correlating the quality control criteria to the process 

parameters.  

The performance of the quality control depends on measurable variables [5]. Chen and Turg [6] 

adjusted the holding pressure by measurement of the final product weight and configured an 

automated process tuning and quality inspection. Lopez et al. [7] investigated the effect of packing 

time, packing pressure and injection temperature on the weight of a moulded polymer part. Manaf 

and Yan [8] used an observation system to find the surface defects and optimizing pressing force 

and molding temperature. Vagelatos et al. [9] optimized an injection molding process by monitoring 

defects in the final products. Sasaki [10] investigated the effect of ejection force on surface 

roughness. Coates and Speight [11] showed the dependency of hydraulic pressure and melt pressure 

to the weight of polymer parts. However, dimension is the most widely used quality control variable 

in process optimization. Here, shrinkage taken in a general sense plays a major role. There are three 

types of shrinkage occurring in injection molded polymer parts 1) In-mold (solidification inside the 
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mold) 2) as-mold (right after mold opening) 3) post-mold (residual stress) [12]. The effect of in-

mold and as-mold shrinkage on final dimension has been investigated in literature by correlating 

measured dimensions to different process parameters such as mold deformation and friction 

between polymer surfaces [13], holding pressure and injection velocity [14], die gap [15],  mould 

temperature and holding pressure [16] as well as pressure decay during the molding cycle [17]. 

Panchal and Kazmer [18] developed a sensor to measure in-mold shrinkage and correlate the melt 

temperature, coolant temperature, cooling time and holding pressure to the thickness of the product. 

This short literature review shows that optimization of the injection molding process depends on the 

method of quality inspection. However there is a lack of quality control methods which include the 

effect of shrinkage as well as measurement conditions (temperature, moisture and probe force) for 

dimensional measurements and this is necessary for a modern quality inspection. This requires 

knowing the effect of moisture and temperature on dimension and this is described in the following.      

As stated previously one of the influencing factors on dimensions of a polymer part is moisture 

uptake. The moisture from the ambient humid air diffuses into the polymer structure. The water 

molecules have two different states in the polymer material: “Free” and “Bounded”. “Free” or 

“unbound” is the state when the water molecules are placed in the voids and nonporous part of the 

polymer material. “Bounded” molecules make chemical bonds with hydrogen in the polymer 

chains[19][20][21]. The “bounded” state can change the mechanical properties such as elastic 

modulus, shear strength, flexural modulus, fracture toughness, yield stress, coefficient of thermal 

expansion, glass transition temperature and viscoelastic behavior [19][22][23][24] of the polymer 

part. Moisture causes swelling which is quantified by the Coefficient of Hygroscopic Swelling 

(CHS) or Moisture Expansion Coefficient (CME) β. Ma et al. [25] measured the CME value for an 

epoxy moulding compound at three different temperatures and different relative humidities. They 

found that the CME is constant for different relative humidities but it is linearly increasing with 

temperature. Park et al. [26] measured the CME for temperatures between 25 °C and 180 °C. They 

found that the CME is highly dependent on temperature especially at higher temperature ranges 

such as 100 °C – 180 °C. However at lower temperatures they concluded that the CME can be 

assumed constant. Wong et al. [27] measured the CME value for a polymer compound material, for 

different temperatures and found that the effect of temperature on the CME was marginal at 

ambient temperature.  Ardebili et al. [21] found that the CME was independent of desorption time, 

except for the initial stages of saturation. The difference in CME values at the initial stage was 

claimed to be due to a non-uniform moisture distribution and transient conditions. Zhou et al. [28] 

investigated the measurement and modelling of 3D hygroscopic swelling of a polymer part 

subjected to non-uniform moisture distributions. They defined a local CHS value for the places 

where it was measured and an average CHS for the entire polymer part. It was found that the local 

and average CHS values were different for the case where the polymer part was not totally 

saturated. Zhou concluded in [29][30] that the measured length variation consists of two kinds of 

deformation: hygroscopic deformation and elastic deformation. The non-uniform moisture 

distribution causes stresses within the polymer part which consequently results an elastic 

deformation. Shirangi et al. [19] measured the CME and found that the assumption of a linear 

proportionality between the hygroscopic swelling and the moisture concentration is acceptable for a 



 Chapter 1 – Introduction 

5 

 

non-Fickian behavior of moisture absorption. It is worth to note that the polymer parts in this 

research were used inside electronic enclosures. 

The modelling of moisture uptake in a polymer part is performed by solving the governing 

equations of heat and mass diffusion resulting in temperature and concentration fields. It should be 

noted that these equations are almost identical in a strict mathematical sense. This thermal-moisture 

analogy can be applied to commercial finite element packages. Yoon et al. [31] implemented both a 

direct and a normalized analogy in ABAQUS to find the moisture concentration along the thickness 

of a part. Jang et al. [32] modified the solubility in the thermal-moisture analogy scheme to model 

different thermal loading conditions. Gils et al. [33], Hsu et al. [34] and Tsai et al. [35] implemented 

a thermo-mechanical-moisture simulation with the thermal-moisture analogy. Shirangi et al. [19] 

modelled both Fickian and non-Fickian behavior of moisture diffusion by applying the thermal-

moisture analogy in ANSYS. Although taking advantage of this direct analogy between the 

moisture and temperature field is a common way of doing numerical modelling of moisture 

diffusion and hygroscopic swelling, it is not the only way of doing such simulations in literature. 

Walter et al. [36] used an element in ANSYS, which is specifically developed for moisture 

diffusion with coupling structural, thermal and diffusion  analysis for moisture uptake and swelling. 

Zhou [29] sequentially modelled the transient concentration and displacement fields by the finite 

element software NASTRAN. Haghighi-Yazdi and Lee-Sullivan [37] combined physical aging with 

hygro-thermal-mechanical modelling and the governing equations for the four coupled systems 

were solved with COMSOL Multiphysics and MATLAB. 

The most common method of characterizing hygroscopic swelling is a combination of thermal 

mechanical analysis (TMA) and thermal gravitational analysis (TGA) which is used in 

[19][26][27][21] [30][34][35][36]. In these methods the two identical specimens are saturated at the 

same temperature for an equal duration of time. The desorption of moisture is then continuously 

measured. For the TMA the changes in hygroscopic strain are measured over time, where the TGA 

measures the weight, which correlates to the moisture concentration. The slope of hygroscopic 

strain versus concentration gives the CME value. Although TMA and TGA are mostly used for 

CME measurements, Ma et al. [25] modified the TMA and TGA methods to control temperature 

and humidity.  

Other influencing factors are physical properties and thermal conditions of the workpiece [2]. The 

non-uniform temperature in the workpiece which can be due to the previous thermal history from 

production is a source of uncertainty and it has to be eliminated before measurement, otherwise the 

measurement has to be delayed until the workpiece acclimatize to the temperature of the 

environment. The manufacturing process itself might also affect the material properties of the final 

parts. For example, surface hardening affects the CTE of calibrated gauge blocks and therefore the 

CTE has to be measured after production [38]. Polymer material manufacturing processes might 

also affect the material properties. Kato [39] studied the polymer orientation in Acrylonitrile 

Butadiene Styrene (ABS) after injection moulding. He showed that the injection moulding can 

change the orientation of particles along the flow lines which affects the anisotropic behavior of the 

final product. Keskkula and Norton [40] explored the effect of injection moulding on the impact 

strength. The injection moulding process might have an influence on the resulting material 

properties and consequently the CTE value. The CTE is determined by two physical quantity 
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measurements of displacement and temperature. Dilatometry, interferometry and TMA have been 

used in literature to measure the CTE [41]. ASTM D696 [42] and ISO 11359-2 [43] are devoted to 

standard CTE measurements. Uniform temperature (±0.2 °C) and specimen preparation are required 

to measure the CTE according to the standards. In a production line a thermo-mechanical model can 

provide estimation for the CTE value by measurement of the dimension and temperature after 

production.  

There exists several examples of the Finite Element Method (FEM) being used in order to obtain 

thermo-mechanical deformations in polymers. Sarvar et al. [44][45] investigated deformation of a 

polymer part which encapsulates electronic devices. Different CTEs in polymers and electronics 

devices cause uneven deformation which leads to failure. They used thermo-mechanical modelling 

by FEM to find the stresses as a result of the elevated temperatures in electronic devices. Dippel et 

al. [46] measured the CTE by TMA and used a coupled thermo-mechanical analysis in ABAQUS to 

quantify the dependency of mechanical properties on the temperature and large deformations. 

Chenniki et al. [47] used thermo-mechanical modelling and measurements of the CTE as well as 

Young’s Modulus to optimize the material properties of a Liquid Crystal Polymer by reducing the 

anisotropic behavior. Boehme et al. [48] measured the bulk modulus, CTE and cure shrinkage in 

order to define a material model to be applied in a FE simulation in ANSYS. 

Another influencing factor in dimensional measurements is the force imposed on the part by the 

measurement device itself. Doiron and John [38] applied deformation corrections obtained by 

analytical Hertzian contact expressions in order to calculate the dimension of a reference steel 

gauge block. Kung et al. [49] investigated the effect of probe force on the surface of a part before 

starting the actual measurement. In that study, they analytically calculated the maximum admissible 

probe force for a probe diameter that would prevent damaging the surface. Feng et al. numerically 

modelled the static [50] and dynamic behavior [51] of a probe tip to find the resulting error of 

measurement and the uncertainty due to probe deflection and interaction with the samples surface. 

In conclusion, knowledge about the shrinkage, CTE and CME values as well as the different time 

constants involved are the prerequisites for doing dimensional measurements already in the 

production line. To obtain this knowledge, mathematical and numerical modelling as well as 

measurements are required.  

1.3 Objectives of the thesis 

This thesis is written as a part of a PhD project carried out within the Innovation Fund Denmark 

research project entitled “ACCURATE MANUFACTURE - Dimensional measurements with sub-

micrometer accuracy in a production environment and accurate measurements on parts made from 

dimensionally relatively less stable materials such as polymers”. 

The overall vision of the project is to be able to measure dimensions on geometrically critical parts 

already in the production instead of as today, in a climate room with highly controlled environment 

(temperature of 20 °C ±0.01 °C and controlled humidity of 50 %RH) - and then combine this with a 

theoretical prediction of the geometrical dimensions of the part, if being placed in the climate room 

at the time where the material has stabilized. This way the time needed for quality control and hence 

the overall cost of producing the parts can be substantially reduced. 
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The prediction algorithm requires a series of investigations in order to study the influencing factors 

on the dimensional measurement in a dynamic environment. As can be concluded from the previous 

literature review, many different effects, such as temperature, moisture, shrinkage and probe forces 

should be taken into consideration when developing the algorithm for compensation. 

In order to meet this objective, the project encompasses both experimental measurements in the 

production as well as numerical modeling of the dimensional changes after production. In 

accordance with the literature review, the following tasks are defined to accomplish the objective:  

 

Task 1: Thermal modeling 

 Numerical solution of the transient heat conduction equation in 3D involving proper boundary 

conditions to the ambient, e.g. described by Newton’s convective law of cooling. 

 Comparing this direct numerical solution with temperature measurements on the surface of the 

parts under consideration. 

 Performing inverse analyses based on these measurements in order to reconstruct the 

temperature field in the interior of the parts. 

 

Task 2: Thermo-mechanical modeling 

 Based on the thermal fields, thermo-elastic calculations of the displacement field will be 

performed. The length variation as a result of the numerical simulations will be compared with 

the experiments in order to quantify and validate the connection between the transient length 

variation and the temperature evolution. 

 

Task 3: Hygroscopic modeling 

 In general, the moisture diffusion will be modelled by Fick’s 2nd law with a constant diffusion 

coefficient for moisture transport. 

 The thermal-moisture analogy is applied in a commercial finite element package in order to 

characterize how fast the relative humidity in the ambient affects the dimension. The moisture 

uptake analysis can be implemented in different finite element software. Here, ABAQUS will 

be used to have consistency between all the numerical models within this project. 

 The CME value will be obtained by measurements in a climatic chamber where the temperature 

and relative humidity can be precisely controlled. The weight and length of the considered 

polymer parts will be measured in order to correlate the length variation to the moisture uptake 

in the polymer parts. 

 

Task 4: Viscoelastic analysis 

 Viscoelastic analysis in which time effects play a role are also included. The thermal and 

moisture analyses are also time dependent but viscoelastic behavior in polymers is a much 

longer process compared to them due to the time-constant involved. In this context, it is 

important to emphasize that the fact that the material is several weeks to settle, is considered to 

be attributed to creep. The analysis will be based on rheological models, ideal for the polymer 

material under consideration in this project.  
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Task 5: Measurement force modeling 

 The deformation due to the measurement force will be modelled both by simple analytical 

Hertzian contact theory and numerical contact problem modelling in ABAQUS to obtain more 

detailed information on the deformation due to different probe force magnitudes and positions. 

 Measurements of the contact probe induced deformations within a few micrometer accuracy 

will be performed in order to verify the analytical and numerical results. 

 

Task 6: Integrated thermal-hygroscopic-mechanical viscoelastic modeling with measurement force 

compensation 

 

 The developed models in the three first tasks will be combined in order to solve the full 

thermal-hygroscopic-mechanical problem including viscoelastic material behavior. The 

predictions of this tool will be extensively validated against measurements on real parts in the 

production. The integrated model will then be used to predict the reference length which will be 

verified by measurements of the reference length of the parts after several weeks (on stabilized 

parts). 

 

Task 7: Energy flow modelling of a machine tool  

 In order to analyze the thermal stability of subsequent machining processes, an energy flow 

model is developed on component level, which makes it feasible to be applied for different 

types of machine tools.  

 The energy flow model is implemented in the measurement routine. This measurement routine 

has inline access to an electric power measurement system, several temperature probes and the 

machine’s numerical control (NC). 

 The feasibility of the inline quantification of the machine tool’s energy flow is demonstrated on 

the example of a five axis milling machine. 

 

1.4 Structure of the thesis 

Initially, the introduction outlines the overall scope of the work. The rest of the thesis is then 

presented in 6 chapters containing elements from the work presented in 3 journal articles and 3 

conference articles. The main points of each chapter are summarized in the following to provide a 

clear map of the whole thesis and connections between chapters.  

 

Chapter 1 – Introduction 

This introductory chapter discusses the motivation concerning the goals of the present scientific 

work. The chapter includes a literature review in order to provide the reader with the sufficient 
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background of research in this area. The objectives are explained and the framework to achieve the 

objectives is defined. 

 

Chapter 2 – Dynamic Length Metrology (DLM) 

This chapter describes the methodology of predicting the reference length for metal and polymer 

parts. The influencing factors are graphically explained, which is important in order to provide a 

clear idea about the methodology.  The chapter furthermore provides a framework for the 

theoretical modelling in chapter 3 and experimental study in chapter 4. The methodology of DLM is 

presented in PAPER I. 

 

Chapter 3 – Basic Theory 

The total strain of a specimen composes of thermal strain, moisture induced strain, creep strain and 

elastic strain combined additively. The theories behind these volumetric and time dependent effects 

are discussed in this chapter. Some analytical solutions for the influencing factors on dimension are 

presented. The finite element method is explained for displacement field. The field equations are 

defined by equilibrium behavior, strain-displacement relations, constitutive equations, boundary and 

initial conditions. Having all the effects properly described in 1-D, the 3-D equations result the 

thermo-hygroscopic-mechanical equations which are solved with the use of the commercial 

software ABAQUS.  

  

Chapter 4 – Experimental and numerical investigation 

This chapter includes all the experimental and analytical studies as well as numerical modelling for 

the development of prediction algorithms for the DLM approach. Five experimental studies are 

performed in total: 1) Measurement of a steel gauge block applying the DLM approach, 2) 

Characterization of moisture induced strain with the application of a climate chamber, 3) 

Dimensional measurements of polymer parts at the production line to define the thermal boundary 

conditions after production and also investigate the creep effects. The last part of this chapter is 

devoted to the uncertainty budgets for measurements with CMM (Coordinate Measuring Machine) 

and fixture. Parts of these experimental studies are presented in PAPER II, PAPER III and 

PAPER IV. 

 

Chapter 5 –Validation 

This chapter is composed of two different experiments for validation of the DLM algorithm. In the 

first validation experiment, the effect of creep and moisture are evaluated with measurements 

performed on parts 4 days after injection moulding on a CMM (PAPER V). The second measuring 

campaign presented in this chapter is the ultimate test of the developed prediction algorithm, where 

the effects of creep, moisture, temperature and probe forces are considered and the measurements 

are performed at the production line. Reference measurements of the produced settled parts are 

obtained two months later. 
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Chapter 6 – Thermal Error in Machine Tools 

The dimensional error due to thermal fields in a machine tool is analyzed in this chapter via energy 

flow models. This methodology is useful for 1) obtaining initial and boundary conditions for 

thermo-mechanical modelling of machine tools and also 2) reducing the thermal error and 

improving the energy efficiency of machine tools by monitoring energy flow from sources to 

consumers. Concerning this investigation PAPER VI is presented. 

 

Chapter 7 – Concluding remarks 

This chapter concludes the thesis by discussing the achievements in connection with the predefined 

objectives. Finally, suggestions for future investigations in the subject of accurate manufacture 

applying the DLM approach are put forward based on the findings from the present project.   
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Chapter 2  
Dynamic Length Metrology (DLM) 

In this chapter the concept of Dynamic Length Metrology (DLM) is described, providing a solution 

for dimensional measurements at the production line. The DLM approach can be implemented for 

both metal and polymer parts by measurements performed already in the production on various 

metrological frames such as fixtures or CMMs.  

2.1 The concept of DLM 

In the 1890s the reference temperature for the meter was 0 °C, however it was difficult for the 

industry to measure their parts at this low temperature. After 20 years of technical discussions, the 

reference temperature was then redefined to be at 20 °C which is closer to the temperature normally 

existing in an indoor environment [52]. This change from 0 °C to 20 °C made the measurements 

more feasible; however, the requirement for having a temperature-controlled environment makes it 

still relatively expensive to do low uncertainty quality control of produced parts. Furthermore, 

precise parts with very small tolerances need to be stored at the reference conditions for enough 

time to acclimatize with the new conditions, which could take from hours to weeks depending on 

the time constants involved in the specific part. As an example found in literature Pavlicek et al. 

[53] investigated surface flatness of two geometrically identical machine beds manufactured from 

either cast iron or polymer concrete. Here, the polymer concrete bed required more than a week to 

acclimatize with the reference temperature before geometrical inspection could be performed 

compared to the cast iron bed, which achieved thermal equilibrium within just one day. The DLM 

method was introduced by De Chiffre et al. [54][55] for the purpose of achieving accurate 

measurements at the production line (outside a temperature controlled environment and with parts 

being out of equilibrium). The DLM concept requires simultaneous measurements of the 

influencing parameters such as e.g. temperature and humidity affecting the dimensions of a part 

over time (dynamically) together with predictions of condition-specific material characteristics. 

Having the transient behavior of the considered part properly described (by physical models), the 

measured dynamic changes can be treated as systematic errors. The reference dimension can then 

be obtained by compensating the measurements performed at non-reference conditions by these 

calculated systematic errors. In Table  2.1, the requirements for using the DLM approach are 

compared with conventional length metrology.  
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Table 2.1: Main requirements in convectional length metrology compared to DLM [55] 

Requirements for accurate measurements using 

conventional length metrology 

Requirements for accurate measurements using 

DLM 

 Costly temperature controlled facilities 

 Long waiting time for part 

acclimatization 

 Separate part material characterization 

 Directly in production environment 

 Dynamic multi-sensoring system 

 Analytical and numerical modelling 

A fundamental part of DLM is the prediction algorithm, which is used to compensate the measured 

dimensions from production to reference conditions based on the transient measurements of the 

different influencing conditions captured by the applied sensors. In Figure 2.1 an overview of the 

possible calculations associated with the prediction algorithm for the DLM approach is given. As an 

example of a prediction algorithm De Chiffre et al. [54] examined DLM applied to a steel gauge 

block. The prediction algorithm was in this case a derived analytical solution obtained by fitting the 

relation between the measured transient length and workpiece temperature curves with a second 

order polynomial (resembling the classical simple 1D formulae as indicated in Figure 2.1). 

However, in the  case of dimensional measurements of more general parts the geometries would not 

be as simple as a rectangular gauge block and the materials might not be as stable as steel in a room 

temperature environment. Hence, the simple 1D analytical approach is not ideal for simplifying 

such complex and dynamically changing problems. Instead, numerical modelling in terms of 3D FE 

simulations are more comprehensive bases for the prediction algorithm. However, the 

computational time for a simulation limits its application for online prediction. Instead, the 

prediction algorithm has to be based on more simple response surfaces or analytical expressions 

derived from the 3D FE simulations made a priori (which in essence could converge to more simple 

adjusted 1D formulae), which then can be looked-up online.      

 
Figure 2.1: The possible prediction algorithm in DLM. 
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The DLM approach for a dimensional measurement is schematically illustrated in Figure  2.1  and 

further presented in PAPER I [56]. The metrological frame (which could be a fixture) is calibrated 

by zeroing with a calibrated reference artifact. The reference length 
referencel  is then obtained by 

  p

cr

measuredsreference FCTflll ,,,   (2.1) 

where ls is the standard length of calibrated artifact, lmeasured is the length measurement of the 

workpiece and f(T, C, εcr, Fp)  is a function describing the length variation as a result of the 

contributions from the different influencing conditions such as temperature (T), moisture uptake 

(concentration C), creep (εcr) and measurement probe forces (Fp), which has to be predicted by 

means of analytical or numerical modelling. The influencing factors have to be defined and to some 

extend measured by implementing sensors on the workpiece and in the surrounding environment. 

For metal parts the deformations due to moisture uptake, probe forces and creep do not significantly 

influence the dimensions at micrometer level (and room temperature conditions). Hence, the 

reference length is found by 

 )(Tllll th

measuredsreference   
(2.2) 

where δlth(T) is the length variation as a function of the difference in temperature between the 

workpiece in the production environment and the reference (20 °C).  

 

Figure 2.2: Schematic illustrating the DLM for the measurement with the fixture. 

For a polymer part, the temperature, moisture diffusion from variation in ambient relative humidity, 

creep and probe forces are influencing the measured dimension. The overall dimensions are 

decreasing over time due to shrinkage and creep effects, with fluctuations due to the transient 

thermal and moisture induced volumetric changes, as shown schematically in Figure  2.3. The length 

is measured at the production line some minutes after the part has been ejected from the injection 

moulding machine (indicated as t1). After some time (indicated as t2, which could be several weeks 
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after production) the part is stable, meaning that no creep phenomena are influencing the 

dimensions of the part. At this point the part would normally be measured in conventional 

dimensional metrology and it is this state the anticipated DLM method tries to predict.   

 

 

Figure 2.3: Schematic of dimensional variation of a polymer part after injection moulding. 

The influence of each physical phenomenon (temperature, moisture uptake and creep) on the length 

variation is shown schematically in Figure  2.4. The different phenomena affects the dimensions of 

the polymer part with different time constants as also mentioned in the introduction, meaning that 

thermal equilibrium might be reached within minutes, whereas static equilibrium might be reached 

within several weeks due to the creep phenomena.  

 

 

Figure 2.4: Schematic of dimensional variation due to temperature, moisture and shrinkage in a polymer part 

after production. 
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The different influencing phenomena for metal and polymer parts is what will be investigated 

throughout this thesis, going into detail in trying to understand and numerically model how the 

different fields will affect the dimension of parts over time.  

In the present work the considered measurand will always be a 1-D point to point dimension of a 

part, which through-out the thesis will be termed a “length”. Furthermore, the experimental work 

has mainly been performed on specially designed fixtures or on a CMM applying contact probes for 

the dimensional measurements. However, it should be mentioned that the DLM approach is very 

general and could be applied to various contact and non-contact measuring systems and to different 

materials. 
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Chapter 3  
Basic Theory 

This chapter describes the basics of the methodology for calculating the total strain and hence the 

overall displacements. Conceptually, the modelling starts by a simple 1D equation for the thermo-

mechanical and the hygro-mechanical model. Then the viscoelastic model is used to provide a 

mathematical model for shrinkage. Afterwards, the effect of probe force is modelled by Hertzian 

contact theory.  Fundamental 3D finite element model is proposed for the thermo-hygro-mechanical 

mode. 

3.1 Introduction 

3.1.1 1-D thermoelasticity 

This section is heavily inspired by [57] 

3.1.1.1 Thermal strain 

To most people it is a well-known fact that a body when heated will expand and when cooled will 

contract, if allowed to deform freely. This is a consequence of the thermal deformation or thermal 

strain. Imagine now the body as made up of a number of small cubical elements of equal size which 

fit together to form the given continuous solid body. If the temperature of the body is raised 

uniformly, and if it’s bounding surfaces are unrestrained, then each element will expand an equal 

amount (proportional to the temperature rise) uniformly in all directions. The constant of 

proportionality is called the coefficient of linear thermal expansion and the strain that the body will 

experience will be equal to the thermal strain given by 

 Tth    (3.1) 

Strictly speaking this expression is valid only if α expresses how much relative deformation the 

body experiences when exposed to a temperature change of one degree if allowed to contract or 

expand freely, see Figure  3.1. A typical value for α for steel is 1 10-5/°C. This means that a 

temperature change of 100 °C gives a thermal strain of εth = 1 10-5/°C×100 °C = 0.001 or 0.1%. 
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Figure 3.1: Elongation of free 1-D bar subjected to a uniform thermal change of ΔT. Displacement at x = 0 

maintained at zero. 

Note, at this point, the strain is simply defined as relative elongation 

 

L

L
   

(3.2) 

If the elongation or displacement at any point in the bar is plotted as a function of the position of the 

point (x-coordinate), for the present example, we get a straight line as shown in Figure  3.2.  

 

Figure 3.2: Elongation or displacement in 1-D bar subjected to a uniform thermal change of ΔT. 

We, see that the slope of the line is equal to the strain itself, i.e. ε = ΔL/L. This suggests a more 

general formulation of the term strain, 

 

x

u




  

(3.3) 

where u is the displacement of a point. 

Note that the definition given by Equation ( 3.3) is much more general in the sense that it gives the 

strain based on the “local” slope of the tangent to the (u, x)-curve for the point under consideration. 

An important implication of this is that the strain component given by Equation ( 3.3) can vary 
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throughout the bar1, whereas the definition based on Equation ( 3.2) necessarily leads to the strain 

being constant throughout the bar.  

3.1.1.2 Stress and constitutive law 

For the present purpose of establishing a simple 1-D model we will define stress2 as force per area, 

 

A

F
  or 

dA

dF
  

(3.4) 

where the first definition is in the case of a force which does not vary over the cross-sectional area 

considered and the latter in the case of a force which may do. 

Now, we wish to relate the stress to the strain. This is in general called a constitutive law within the 

field of solid mechanics. Experimental observations show that for small deformations there is a 

linear elastic relationship between the force and the deformation, i.e. 

 xkF s  (3.5) 

which is termed the 1-dimensional Hooke’s law for a spring. If the equation is expressed in terms of 

the spring force, instead of the external force a minus will be needed in front of the spring constant, 

ks, since the deformation and the spring force will have opposite signs, when interpreted as vectors. 

The term elastic indicates that the deformation is totally recovered upon unloading. In term of 

stresses and strains, the 1-dimensional Hooke’s law becomes 

 elE   (3.6) 

which states that there is a linear relationship between the stress and elastic strain, see Figure  6.5. If 

we consider only an elastic system, the elastic strain will be equal to the total strain, i.e. the strain or 

relative deformation “we see from outside when looking at the body”. 

 

Figure 3.3: Hooke’s in 1-D for a tensile test bar. Linear elastic stress-strain relationship. 

                                                      
1 The bar under consideration, this would be the case if the thermal expansion coefficient for some reason 

would vary through the bar. 
2 The stress component in this case will actually be a normal stress. But in the shown 1-D case, this makes no 

difference. 
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That no minus is needed in the stress-strain based version of Hooke’s law, since stresses are 

calculated positively in tension and negative in compression. 

If we assume elastic conditions and combine Equations ( 3.6) and ( 3.3), we get 

 

x

u
E



  

(3.7) 

3.1.1.3 Thermal stresses and constraints 

It is intuitively known by most people that internal stresses may arise in a cooled or heated body 

either because of a highly local heating/cooling or external constraints, or a combination of these 

causes. These internal stresses are termed thermal stresses. 

Thermal contraction (or expansion) can result in: 

1) Deformation only (the body is allowed to contract freely) 

2) Stress only (the body is totally restrained) 

3) A combination of deformation and stress (this is almost always the case in reality) 

A consequence of these three cases is very important relationship between total, elastic and thermal 

strain. This is known as the decomposition of the strain component and can be written as 

 theltot    (3.8) 

εtot is the strain that the body actually experiences, i.e. the strain seen from outside. The elastic 

strain, εel, is often interpreted as the strain that “drives” the stresses, since they are related very 

simply by Hooke’s law. In this sense, the thermal strain, ε
th
, cannot produce stresses by itself. 

Stresses can be produced only by a thermal strain in combination with some kind of constraining 

which results in an elastic strain. Considering the two first cases above, we get 

Case (1): (εel = 0) 

Tththeltot   0  

Case (2): (εtot = 0) 

 Ttheltheltot   0  (3.9) 

For 1-D thermoelastic case, we obtain the very simple relationship between the stresses and the 

strains (using the principle of strain decomposition) 

  thtotel EE    (3.10) 

It is readily seen that extreme case 1 does not produce any stresses, whereas all the thermal strain in 

case 2 becomes stress given by 

     TEEEEE thththtotel   0  (3.11) 
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Thus, for a totally constrained steel bar, a temperature increase of 100 °C will result in a 

corresponding thermal stress of σ = -EαΔT = -200 GPa×1 10-5/°C×100 °C = -200 MPa. (Negative 

stress indicating compression, meaning the bar is constrained against expansion). This little 

example very much shows that thermal stresses can be very high even for quite small temperature 

ranges of the necessary constraining conditions are present. 

Finally, it can thus be concluded that thermal strain does not cause stress directly. It can be 

interpreted as a thermal load that promotes elastic strains, and these elastic strains cause stresses. 

3.1.2 The heat conduction equation 

Based on Fourier’s law together with the first law of thermodynamics (conservation of energy), the 

general heat conduction equation can be constructed. 
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(3.12) 

In addition to the heat conduction equation it is necessary to specify appropriate initial and 

boundary conditions in order to describe fully the physical problem under consideration. In doing 

that, an understanding of the nature of the idealizations applied in the formulation of the boundary 

conditions is necessary for a proper choice of the most suitable mathematical formulation of the 

problem. The surface of a body (or part of it) may receive heat either through contact with another 

solid or by radiation or through contact with a fluid. 

The initial conditions specify the initial temperature distribution throughout the body. In many 

problems, the initial temperature might often be assumed constant. 

 

(1) Prescribed boundary temperature 

 ),(),( tPTtPT   (3.13) 

where the location P is on the surface (for the present 1-D analysis, just described by its x-value) 

and “ ̄ ” denotes prescribed. 

(2) Perfectly insulated (adiabatic) boundary 

By definition, an adiabatic boundary is one across which there is no heat flux. 

 
  0, 
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(3.14) 

where n is the outward pointing normal to the surface at point P (in the present 1-D analysis just the 

one describing space parameter x). 

 

(3) Convection boundary condition 
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In this case the heat flux across the bounding surface may be taken as proportional to the difference 

between the surface temperature T(P,t) and )(tT of the surrounding medium which is expressed by 

Newton’s convective law of cooling. 
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(3.15) 

where h is termed the heat transfer coefficient and may vary with space and time in a prescribed 

manner. Note that the expression has been reduced in the sense that the minus signs on both sides of 

the equation have been removed. 

It should be mentioned that an alternative way of obtaining an insulated boundary condition is to set 

h equal to zero in Newton’s law. 

 

 (5) Internal boundary (two solid bodies in contact) 

If the surfaces of the bodies are in perfect thermal contact their temperatures at that surface must be 

the same. This phenomenon is well-known from e.g. the analysis of casting processes where a 

constant temperature of the interface will adjust itself between the cast and the mould if the contact 

resistance in the interface R is zero. This temperature is called the Riemann temperature. The 

boundary condition is now formulated based on a heat balance where the heat flux leaving one body 

through the contact surface must be equal to that entering the other body. Thus, for a point P on the 

contact surface the following two equations constitute the internal boundary condition 

 ),(),( 21 tPTtPT   (3.16) 
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(3.17) 

where the subscripts 1 and 2 refer to the two bodies. 

In reality, an imperfect thermal contact between the two bodies will always be present. When two 

solid surface touch each other because of the natural roughness of any material, actual physical 

contact takes place only at some projecting segments of the surfaces,  

  

 

Figure 3.4: Solid-to-solid contact. 
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Conduction takes place at these points of contact, while heat is transferred across the gaps by 

radiation and by conduction through the fluid, usually air, filling them. None of these modes of heat 

transfer has significant predominance over the others, and thus all have to be included in the total 

heat transfer coefficient htot. This value takes into account all the thermal resistances at the interface 

between the two lines l1 and l2. Outside these lines the heat transfer is conduction only. 

The equality of heat fluxes must still be enforces, but a difference between the two surfaces 

temperatures proportional to the heat flux will now exist. The appropriate boundary conditions are 

therefore 
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(3.18) 
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(3.19) 

This very important boundary condition is well-known from the modelling of thermal contact 

problems. In the present work we will have to specify the heat transfer coefficient between e. g. the 

polymer part and the fixture in order to define this internal boundary condition. 

A thorough description of the implementation of these boundary conditions will be given later. 

   

3.1.3 1-D hygroelasticity 

As discussed earlier, polymer parts will also have their dimensions affected by the humidity. In 

essence what happens is that the ambient RH% will act as an external boundary condition for the 

moisture concentration in the part, just as the ambient temperature did it in the previously described 

thermomechanical case. In the following, the basis for this is presented.  

Imagine a part made of polymer with uniform moisture concentration C0 in the entire bar. If the 

moisture content is changed to C0+ΔC due to variation in ambient humidity, the corresponding 

length variation is directly proportional to the moisture content variation 

 CLL    (3.20) 

where the proportionality constant is denoted CME or β, i.e.: 

 CLL    (3.21) 

For a free bar, we have 
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(3.22) 

 rhtot    (3.23) 
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And for a constrained bar 

 00  totL   (3.24) 

Where the moisture induced (chemical) strain is 

 Crh    (3.25) 

In this case, the strain decomposition gives 

 rhelrheltot     (3.26) 

Where 

 Cel    (3.27) 

The constitutive equation is 

 CEE el    (3.28) 

Due to the very slow nature of the moisture diffusion process, gradients within the part might exist 

even for very small wall thicknesses (in the range of a few millimeters). Similarly to the self-

constraining effects as described for the thermoelastic part, the concentration gradients might result 

in a state between free and fully constrained. Therefore, it is necessary to have models for the 

description of the overall concentration field. 

The moisture concentration gradient in the polymer part causes a diffusive flux described by Fisk’s 

first law.  
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(3.29) 

Where J is the diffusion flux, D is the diffusion coefficient and C is the moisture concentration. 

Combining this with mass conservation, we obtain Fick’s second law 
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(3.30) 

In general the diffusion coefficient is temperature dependent and can be described by an Arrhenius 

type of equation [58] 
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where T is the absolute temperature, D0 is the diffusivity coefficient, R is the universal gas constant 

and Ed is the activation energy. 

 

3.1.4 Viscoelastic model 

Rapid and non-uniform cooling of the melt during solidification in injection moulding cause 

residual stresses in the solidified part [59]. At ambient temperature polymers in general present 

viscoelastic behavior and residual stresses from the production process hence cause a relaxation 

strain over time. In general, when a load is applied to a polymer part some of the energy is 

dissipated by viscous forces and the rest is stored elastically. The dissipation is not infinity slow 

neither instantaneous; thus it is a rate dependent process [60]. Rheological models are often 

considered for modelling [60][61] of  viscoelastic materials, see Figure  3.5. The Hookean spring 

represents the elastic behavior (Figure  3.5(a)) and the Newtonian dashpot stands for the viscous 

behavior (Figure  3.5(b)). 

 

Figure 3.5: Rheological elements: a) Hookean spring, b) Newtonian dash pot. 

 

For the Hookean spring we have 

 )()( tEt    (3.32) 

where σ is stress, E is Young’s modulus and ε is strain. For the Newtonian dashpot we have 

 )()( tt    (3.33) 

where η is the Newtonian viscosity and )(t is the strain rate. There exist two basic combinations of 

these elements:  

1) Series: Named the Maxwell model as shown in Figure  3.6 (a) in which the stress in both 

elements are the same.   

2) Parallel: Named the Kelvin-Voigt model as shown in Figure  3.6 (b) in which the strain in both 

elements are the same. This model is used for creep modelling in Acrylonitrile Butadiene Styrene 

(ABS) [62]. The fast contraction of the spring after removing the force makes Kelvin-Voigt model a 

suitable choice for modelling of creep.   
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Figure 3.6: Basic rheological model: a) Maxwell model, b) Kelvin-Voigt model. 

In the Kelvin-Voigt model the stress is 

      .ttEt    (3.34) 

For a known stress of σ0, this reads: 
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where EV    is the retardation time or response time. After integration we obtain 
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(3.37) 

If the stress is removed at time τ (σ0 = 0), the strain is obtained by  
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(3.38) 
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Where ε0 is the initial strain which is remaining from the imposed stress before time τ.   

The behavior of the Kelvin-Voigt model subjected to a step stress function is shown in Figure  3.7. 

In this model it is assumed that σ0 = 50 MPa, E = 2.32 MPa and λV = 2 s.  

 
Figure  3.7: The behavior of the Kelvin-Voigt model to a step stress function, a) stress, b) strain 

 

3.1.5 Deformation due to probe forces 

Considering measurement at micrometer level in polymer parts, the corresponding measurement 

procedure must be defined such that the measurement instrument does not influence the dimension 

of the part. Contact probes which are commonly used can affect the parts in accurate measurements 

because of the relatively low mechanical stiffness of polymers after production (compared to 

metals). Doiron and Beers [38] stated that in the measurement of a reference gauge block by a 

contact probe, the effect of the probe radius tip and deformation due to the probe have to be 

considered. They applied deformation corrections to the final dimension obtained by analytical 

calculations. Kung et al. [49] investigated the effect of probe force on the surface of the part before 

starting the measurement. They analytically calculated the maximum admissible probe force for a 

probe diameter that would prevent the probe from damaging the surface. Feng et al. numerically 

modelled a probe tip statically [50] and dynamically [51] to find the resulting error of measurement 

and the uncertainty due to probe deflection and interaction with the sample surface. In order to 

obtain accurate measurements the effect of probe interaction with the surface must therefore be 

considered. In order to solve this problem, an investigation, published as conference PAPER II, 

was carried out to find the effect of probe force on a polymer part, on the basis of Hertzian contact 

theory and numerical simulation. 

 

Material properties of the probe and polymer part, probe geometry and position of the measurement 

are important in quantifying the strain due to the probe force. If a probe with a spherical tip is 

considered a rigid sphere and the polymer part as an elastic half-space, the deformation can be 

calculated by Hertzian contact theory [63]. The assumptions for this theory are 1) The surface are 

continuous and non-conforming, 2) The radius of the contact probe is much larger than the radius of 

the circle of deformation, 3) The polymer part is considered as an elastic half-space, 4) The surfaces 

are frictionless. The contact conditions are schematically shown in Figure  3.8. 
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Figure 3.8: Contact of a rigid sphere with an elastic half-space 

The radius of the circle of deformation, ar, is 
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where FP is the applied force by the probe, Rtip is the radius of the probe tip and 
*

pE  is obtained by 
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(3.40) 

where 𝐸𝑝 is Young’s modulus and vp is Poisson’s ratio for the specimen. 

The deformation, d is then given by 
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(3.41) 

     

3.2 3D thermo-hygro-mechanical modelling 

Having all the effects properly described in 1-D, the 3-D equations for the more general solution 

can be presented. For the thermo-hygroscopic-mechanical model the linear strain decomposition 

composes of  
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el

ij is the elastic strain tensor used for deriving the stresses in Hooke’s generalized law 
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where Cijkl is the elastic stiffness 4th order tensor given by 

Fp
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(3.44) 

with δij being the Kronecker tensor and ν is the Poisson’s ratio. The thermal strain tensor is given by 
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Here, the temperature T(x,z,y,t) is a result of solving the general heat conduction equation (heat 

balance) in 3D, expressed as 
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(3.46) 

The strain due to moisture tensor is given by 
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where the concentration field C(x,z,y,t) is a result of solving Fick’s second law (mass balance) in 

3D, expressed as 
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(3.48) 

 

The total strain 
tot

ij giving the strain-displacement relation is for small strain theory defined by 
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(3.49) 

where ui is the displacement vector. All these equations have to be combined and used together with 

the three equilibrium equations, here in tensor notation 
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 0,  jiij p  (3.50) 

where σij is the stress tensor and pj are body force components. The solution of these equations, 

together with a set of properly described boundary conditions, constitutes the basis of any static 

thermomechanical analysis. The result from this analysis is the displacement field u(x,y,z,t) of the 

part under consideration. The equilibrium equations are in this case solved by the finite element 

method with the use of the commercial software ABAQUS.  

In essence, all the above mentioned field equations must be solved simultaneously; however, we 

will often solve either the thermoelastic or the hygroelastic problems, separately. 
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Chapter 4  
Experimental and numerical 
investigations 

In this chapter the analytical and numerical solutions are developed with help from different 

experiments in order to model the effects of temperature, moisture and creep on the geometrical 

dimensions of the metal and polymer parts. In the first experiment the CTE value for a steel gauge 

block is derived from measurements performed at non-reference conditions and the DLM approach 

is validated for metal parts. A similar experiment for a polymer part is then performed, where the 

CTE value again is derived on the basis of thermomechanical modelling, as a part of the DLM 

approach. Then, the effect of moisture on the dimensions is modelled with help from experiments 

performed in a climate chamber. Afterwards, two measuring campaigns are performed at a 

production line. The first one is used to perform initial measurements of the transient behavior of 

the polymer parts coming out of the injection moulding machine. The second campaign is initiated 

with measurements at the production line and then continued for 50 days in a laboratory to 

investigate the effect of creep (deformations of the polymer parts over time).  

4.1 Study on steel gauge block 

4.1.1 Test description 

In this experiment the reference length of a steel gauge block is calculated based on measurements 

performed at non-reference temperatures (emulating a production environment). This experiment 

aims at verifying the DLM approach for metal parts represented by Equation ( 2.2) repeated here.  

 )(Tllll th

measuredsreference   
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In this equation, ls is known from the certificate, lmeasured is the length measured of the part mounted 

in the fixture and δlth is the length variation due to the temperatures being different from the 

reference.  

This work is based on the analyses presented in PAPER I. In this context however, the boundary 

conditions in the numerical model have been improved and the uncertainty from the simulation is 

slightly reduced. 

4.1.2 Experimental study 

This experimental study is carried out to calculate the length of a steel gauge block grade 0 

(100 × 35 × 9 mm) and subsequently compare this predicted length with its certificate value. The 

steel gauge block is heated up to 25 °C and the length is measured while the gauge block is cooling 

down to ambient temperature. The experimental study is performed with two gauge blocks; the steel 

gauge block is used as workpiece and a tungsten gauge block as reference. The fixture is made of 

Zerodur because of its very low CTE (0±0.007 10-6
/°C) meaning that its dimension does not change 

with varying temperatures. The length is measured by two contact probes with a resolution of 

0.01 μm and an MPE value of 0.07+0.4L, where the MPE (mean percentage error) is in μm and L is 

in mm.  The effect of probe forces is neglected in this preliminary study. Three RTD (resistance 

temperature detectors) temperature sensors with a calibration expanded uncertainty of 0.02 °C are 

mounted on the surface of the steel gauge block as seen in Figure  4.1. A fourth temperature sensor 

is attached on to the Zerodur fixture. Data is collected by LabVIEW with a frequency of 2Hz [54]. 

The measurement is repeated 9 times. The specifications of the equipment are listed in Table  4.1. 

Table 4.1: Specification of the equipment. 

Tungsten gauge block 

Certificated length (mm) 100.000389 

Expanded uncertainty (mm) 0.000043  

Steel gauge block 

Certificated length (mm) 100.000138 

Expanded uncertainty (mm) 0.000052 

TESA 

MPE (µm) 0.07+0.4L 

Thermal drift (µm/°C) 0.15 

RTD temperature sensors, type K 

Accuracy (°C) 0.02 
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Figure 4.1: Set-up for measurement on a gauge block [54] 

The steel gauge block has been heated close to 25 °C, and placed on the measurement set-up. Then 

it cools down naturally to room temperature, which takes approximately 1900 seconds. 

 

4.1.3 Numerical Modelling 

In this particular case the temperature at three different places of the steel gauge block and its length 

are measured simultaneously. On this basis the numerical model should be able to predict the length 

at any time and temperature. In order to do so, the model has to solve for two different field 

quantities: the transient temperature field and the transient displacement field. The simulation is 

performed sequentially, meaning that the temperature field is found in a separate model, and the 

results from this model are then transferred to the mechanical model, where they are the driving 

force for the thermal strains, leading to the overall displacement field. The field equations are 

solved by the finite element method, applying the general purpose finite element software 

ABAQUS. 

4.1.3.1 Thermal model 

The thermal model serves two different purposes. First of all, it should be able to reconstruct the 

overall temperature field based on the measured temperatures in discrete points of the part. 

Secondly, it should be able to predict the transient temperature evolution in the part based on the 

surrounding conditions. 

In order to solve the heat conduction equation, material properties such as density, specific heat and 

thermal conductivity should be defined as input. As this is not directly measured during DLM, 

nominal values from the material datasheet or previous experiments should be used. The thermal 

model is optimized such that the predicted temperature evolution is equal to the measured 

temperature history. The model is fitted by adjusting the heat transfer coefficients for the convective 

boundary conditions. 

Based on the temperatures measured at the three different points on the gauge block, the thermal 

model is used to reconstruct the overall transient temperature field as seen in Figure  4.2. It is 

observed that the temperature field is slightly non-uniform. It is very important to notice, that many 

different solutions to this problem exist, depending on how the boundary conditions are prescribed. 

It is therefore important to consider where the temperatures should be measured over time on the 
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specimen, in order to accurately reconstruct the temperature field in the finite element model. This 

of course gives rise to an uncertainty related to the simulated changes in length. 

The thermal model should also be able to predict the temperature evolution in the part based on the 

temperature measurements performed within the given time frame. In Figure  4.3, the temperature 

predicted by the finite element model in ABAQUS is compared with the measured temperature as a 

function of time at the center point of the steel gauge block. The transient temperature field is then 

transferred to the subsequent mechanical model.  

 

Figure 4.2: Contour plot of the reconstructed initial non-uniform temperature distribution within the steel 

gauge block. 

 

Figure 4.3: Comparison of temperature from experimental and numerical solution. 

4.1.3.2 Mechanical model 

The purpose of the mechanical model is on basis of the measured length variation together with the 

transient temperature distribution found in the thermal analysis, to predict the length of the steel 

gauge block at any temperature and time (and hence also in reference conditions). In this case, the 

mechanical simulation should be able to predict the length of the steel gauge block at the reference 

temperature.  

What is very important in this context is the additional input to the mechanical model. On the basis 

on how the measured length variation relates to the temperature over time, it is possible to extract 
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an overall CTE value at different points which then can be used in the simulation. This can initially 

be used as the value for the CTE in the discretized finite elements. However, if the measured 

geometry is not solid, but consists of more complex shapes and walls, self-constraining and 

warpage of the part during temperature changes might result in differences between the overall CTE 

values measured between the reference points and the local CTE values at element basis. In such 

cases an inverse modelling procedure is necessary, where the model through an optimization 

algorithm is able to adjust the local CTE value, such that the overall CTE value from the simulation 

fits what has been measured during the dynamic length measurements. 

The uncertainty of the extracted CTE value gives rise to an uncertainty of the simulation which has 

to be taken into account. Another important thing to consider in the mechanical model is the 

boundary conditions, which have to match the contact conditions within the fixture during the 

measurements the best way. Furthermore, the boundary conditions should be applied in such a way 

that the part is not over constrained, resulting in stresses within the part.  

The result coming out of the mechanical model is the displacement field, as also mentioned earlier. 

In Figure  4.4 a contour plot of the displacement field component in the longitudinal direction of the 

steel gauge block (which is the same direction as where the length was measured), is shown. The 

zero-point for the length variation (at about ¼ of the length distance from right-hand side of the 

gauge block) is due to the applied boundary conditions, emulating the placement of the rollers, as 

observed in Figure 4.1. 

 

Figure 4.4: Reconstruction of the displacement field for final time step within the steel gauge block. 

4.1.4 Results 

4.1.4.1 Thermal expansion coefficient 

The initial temperature distribution and boundary conditions (heat transfer coefficient to the air and 

fixture) in the thermal model are defined to have the same temperature evolution as the measured 

temperature history. The CTE value in the mechanical model is adjusted based on the experiment to 

have the same length evolution. It is required to define the minimum measurement time to provide 

sufficient data to calculate CTE from the thermo-mechanical model. Therefore, the measurement 

time is divided to frames of 180 s, 360 s, 540 s….1900 s. The overall temperature variation is less 

than 5 °C so the CTE value of the steel gauge block is assumed not to be temperature dependent. In 
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the numerical model, the displacement field depends on reconstruction of the temperature field and 

consequently the CTE is a function of the cooling curve. By increasing the time of measurement in 

the time frames, the boundary conditions in the temperature field have to be adjusted to enhance the 

agreement between experiment and numerical model. Hence the CTE is also adjusted in each time 

frame. In Figure  4.5 the variation in CTE by increasing time frame size is shown. There is a drop in 

the CTE value. This drop is not due to a variation in CTE of the material but because of the 

adjustment of the CTE within the numerical model, which depends on the accuracy of the 

temperature field reconstruction. By increasing the time frame the estimation of boundary 

conditions are more close to the real conditions. As it is seen in Figure  4.5, the CTE converges to 

11.38 10-6/°C by measurements for more than 540 s.    

 

Figure 4.5: CTE variations by increasing frame size. 

The cooling curve and length variation from experiment and numerical model for 540 s and 720 s 

are shown in Figure  4.6 and Figure  4.7. The length variation is obtained by subtracting the initial 

length value both for the experiment and the simulation. 

 

 

Figure 4.6: (a) Temperature and (b) length variation at 540 s frame size. 
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Figure 4.7: (a) Temperature and (b) length variation at 720 s frame size. 

4.1.4.2 Reference length 

 

The temperature and length variation at 600 s is considered as the time of measurement as shown in 

Figure  4.8.  

 

 

Figure 4.8: (a) Temperature and (b) length variation at 600 s. 

The length at the reference temperature for the steel gauge block is calculated by Equation ( 2.2). 

The temperature at 600s is 21.57 °C; thl   from numerical modelling by simulation from 21.57 °C to 

20 °C is mml th 001786.0 . 

The tungsten gauge block length from calibration certificate (
sl ) is 100.000389 mm. The 

measurement length, 
measuredl after 600 s is 1.547 μm. Consequently, referencel  is given by 

mmlreference 000150.100001786.0001547.0000389.100   
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4.1.5 Uncertainty 

The total uncertainty, U(L) with 95% confidence level is obtained Equation by ( 4.1) and listed in 

Table  4.2.  

 

 
)()()()(2)( 2222 LuLuLuLuLU TMDErepcal   (4.1) 

Table 4.2: Variable in total uncertainty of the length. 

Variables 
Uncertainty of Value 

ucal Set-up calibration 0.10 μm 

urep Repeatability 0.07 μm 

uDE Thermal expansion coefficient 0 μm at T=20 °C 

uTM Temperature measurement 0.02 μm  

Expanded Uncertainty (k=2) 0.25 μm 

 

The reference condition is considered as 20 °C and 50 %RH. The same nomenclature as used in the 

ISO 16015 standard [65] is used for the uncertainty budget, where θ is the temperature differences 

from 20 °C (T-20), subscript W for workpiece (which is the steel gauge block), S for standard gauge 

block (tungsten gauge block), u(α) is the uncertainty of thermal expansion coefficient, u(θ) is the 

uncertainty of the temperature, u(L) is the uncertainty of the length.  

4.1.5.1 Uncertainty due to thermal expansion coefficient: uDE(L) 

The uncertainty of the standard gauge block and workpiece is obtained by different methods and 

they are uncorrelated. The combined uncertainty for thermal expansion coefficient is therefore 

obtained by 

    SSSWWWDE uLuLLu  222222)(   
(4.2) 

where θW =5 °C, θS = 0 °C, LW = LS =100 mm. It is worth to note that the reference gauge block is 

calibrated in 20 °C so θS = 0 °C hence the reference gauge block does not have any contribution to 

uDE. u(αS)=0.7 10-6/°C is obtained from the certificate. u(αW) = 0.06 10-6/°C is obtained from the 

standard deviation of CTEs in different simulations. The uncertainty for the CTE of the steel gauge 

block from certificate is 1.0 10-6/°C. The advantage of using numerical simulation is obvious in 

calculating the uncertainty of CTE steel gauge block since it reduces the uncertainty from       

1.0 10-6/°C to 0.06 10-6/°C.    

4.1.5.2 Uncertainty due to temperature measurement: uTM(L) 

There is always an uncertainty with temperature sensors as well as the measured temperature for 

both standard gauge block and workpiece. They are uncorrelated due to measurement by two 

different sensors. The uncertainty for the temperature measurement is 
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    SSSWWWTM uLuLLu  222222)(   
(4.3) 

where αW = 11.38 10-6
/°C, αS=4.5 10-6

/°C,  u(θW) and u(θS) are the uncertainty of the temperature 

sensors, which are 0.02 °C. 

 

The predicted reference lengths are compared with the standard length as seen in Table  4.3. The En 

value is defined in Equation ( 4.2) to judge the agreement between standard length, prediction length 

and uncertainty. The En value must be less than or equal to 1 otherwise the predictions are not 

reliable [66].    
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(4.4) 

where Error is the difference between predicted lengths by the numerical modelling with standard 

length from certificate The reference length prediction by the numerical modelling is compared 

with the standard length from certificate in Table  4.3. 

Table 4.3: Comparison of calculated and calibrated values for the steel gauge block. Uncertainties are 

expanded (k=2) 

Reference length 
Numerical modelling Certificate 

Length (mm) 100.000150 100.000138 

Uncertainty (μm) 0.25 0.052 

En 0.04 0 

 

This investigation confirms the DLM is able to predict the reference length by measurement at non-

standard temperatures.  

4.2 Study on achieving the CTE value of a polymer part 

4.2.1 Introduction 

Numerical modelling can give a valuable insight to what is happening in a polymer part during 

cooling down after injection moulding. In order to obtain accurate simulations, accurate inputs to 

the model are crucial. In reality however, the material properties will have some variations. 

Although these variations may be small, they can act as sources of uncertainty for the measurement. 

The simulation is affected by variations in material properties such as heat conductivity, density, 

specific heat, thermal expansion coefficient and physical properties, such as temperature and heat 

transfer to the surrounding air. To overcome this issue a numerical model in ABAQUS (described 

in PAPER III) is applied in order to calculate the length variation of an ABS polymer specimen 

due to varying inputs. In the simulations the ABS material is assumed to have isotropic behavior. 

The material properties are changed within a limited range, obtained from literature.  Then, the 
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length variation in both ends of the interval is extracted from the simulation and the average and 

standard deviation are calculated. The results are shown in Table  4.4.  

The thermal expansion coefficient and initial temperature of the polymer specimen have the highest 

uncertainty value (1σ level). Hence, these two parameters will influence the uncertainty of the 

length measurement more than the variation in other properties, which is expected because the 

thermal strain is the main source of length variation here. That means limiting the allowable 

variation for these two parameters in a real experiment can reduce the uncertainty value. It should 

be noted that in this simulation, moisture and creep are not considered and they are discussed in the 

next sections and also ranges for different material and physical properties are preliminary 

estimations which will change by more accurate estimations in the following sections.  

Table 4.4: Length variation dependency on variation of material properties and physical parameters of an 

ABS polymer specimen [67]. 

Name 
Symbol Dimension Range Length variation (μm) 

CTE α 10-6/°C 43 - 92 12.75±1.145 

Initial Temperature T0 °C 23 - 26 9.44±0.621 

Specific heat cp kgKJ  1177 - 1758 9.40±0.012 

Heat transfer Coef. to the air h KmW 2  16.5 - 20 9.44±0.003 

Thermal conductivity k mKW  0.166 – 0.194 9.44±0.001 

Density ρ 3mkg  1056 - 1048 9.44±0.000 

 

4.2.2 CTE value obtained by numerical modelling 

The CTE was introduced for the gauge block as discussed in section  4.1. The same procedure is 

followed for an ABS polymer part. The polymer part is heated up with a heating plate. The length 

and temperature are measured simultaneously when it is cooling down to ambient temperature with 

a measurement fixture as seen in Figure  4.9.   

Numerical simulations provide the transient temperature distribution inside the polymer part at 

different points in time from temperature measurements on selected surfaces. This is based on an 

inverse heat transfer analysis where the polymer parts cool down from temperature around 27 °C – 

35 °C to ambient temperature. Subsequently, the obtained temperature field will be used in a 

thermo-mechanical analysis in which the thermal strain as calculated from the current thermal state 

down to the ambient temperature, thus giving the numerically predicted deformation increment 

when cooling from the current to the ambient temperature. Comparing this deformation field from 

the measured geometry will finally yield the CTE for the specific geometry.  

The finite element simulation is performed in ABAQUS. The heat conduction to the fixture is 

simulated by applying a heat transfer coefficient of 400 Wm-2K-1. The remaining surfaces are in 

contact with air with a heat transfer coefficient of 7 Wm-2K-1. Figure  4.10 depicts a typical 

temperature field obtained from numerical simulation; the large heat exchange with the metallic 

support on the bottom of the workpiece creates a vertical temperature gradient. As seen in 

Figure  4.11, the numerical model is in good agreement with the experimental result and the 

maximum root mean square error between the measured temperature and the modelled temperature 

during the cooling down process is 0.2 °C. 
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Figure 4.9: Experimental set up for simultaneously measurement of temperature and length. 

 

 

Figure 4.10: Contour plot of the reconstructed initial non-uniform temperature distribution within the polymer 

part. 
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Figure 4.11: Comparison of the temperature evolution of the polymer part for experiment and simulation, a) 

Temperature sensor T1, b) Temperature sensor T2, c) Temperature sensor T3. 

A sequential thermo-mechanical model is used to predict the length of the sample during the 

cooling down process as seen in Figure  4.12. To do so, the CTE is found by optimization of the 

length from the numerical method and the experimental results. The results for 5 repetitions and 5 

samples (in total 25 data) are used to calculate the average CTE and expanded uncertainty. The 

average CTE value is found to be 57.3±8.4 10-6/°C (8.4 is the standard deviation multiplied by 

k = 2). 
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Figure 4.12: Comparison of the length as a function of time from experiment and simulation. 

4.2.3 CTE value obtained experimentally 

An experimental study is performed in collaboration with Metrologic ApS (partner in the Accurate 

Manufacture project) in order to obtain the CTE for the same polymer part. The polymer parts are 

heated up to 30 °C, 40 °C and 60 °C in an oven. The tests are repeated three times for each 

temperature. A fixture developed by Metrologic is used to measure the temperature and length 

simultaneously as shown in Figure  4.13. Specifications of the equipment are listed in Table  4.5. 

 

Figure 4.13: The Metrologic fixture.  

Table 4.5: Equipment specification 

Marposs Red Crown 2 soft touch 

Range (mm) ± 1 

Repeatability (µm) 0.15 

Thermal drift (µm/°C) 0.25 

Force (N) 0.1 

Thermocouples type K by Omega 

Accuracy (°C) ± 0.02 
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The length to be measured and modelled is the defined as the point to point length from the sides of 

the polymer part, approximately 32 mm. The points are located 1 mm from the edges of the 

polymer part as seen in Figure  4.14. 

 

Figure 4.14: Schematic of the fixture 

The length variation as a function of temperature differences are plotted as seen in Figure  4.15. 

Linear curve fitting is used to calculate the CTE after removing the outliers. The CTE value 

obtained from this experiment is 54.4±5.5 (10-6/°C). 

 

 

Figure 4.15: Curve fitting after removing outliers (provided by Metrologic ApS). 

4.2.4 Conclusion on achieving the polymer CTE  

The CTE obtained by the two methods are listed in 

 

 

Table  4.6. The CTE obtained from the numerical model has a larger uncertainty value and covers 

the CTE from the experimental study. For the rest of this thesis the CTE from modelling is 

considered; hence CTE = 57.3±8.4 (10-6/°C).  
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Table 4.6: CTE for the polymer part. 

 
CTE (10

-6
/°C) Uncertainty (10

-6
/°C) 

Numerical Modelling 57.3 8.4 

Experimental study 54.4 5.5 

 

4.3 Study on hygroscopic swelling 

4.3.1 Aims of the tests 

The moisture uptake influences the dimension of a polymer part. The hygro-mechanical theory 

in  Chapter 3 shows that the CME, moisture concentration and time of moisture diffusion are 

required in order to quantify the moisture induced deformations. Hence, the experiments will obtain 

the following information: 

1) The required time for the polymer parts to reach equilibrium with the relative humidity of the 

ambient 

2) The relationship between relative humidity and the moisture concentration,  

3) A mathematical expression that describes the length variation corresponding to the moisture 

concentration. 

4.3.2 Experimental study 

For the purpose of the experimental studies a climate chamber with the humidity and temperature 

conditions as seen in Figure  4.16 [68] placed at DTU Mechanical Engineering has been used.  The 

temperature variation for the environment is limited between 15°C to 35°C. The minimum available 

relative humidity is 40 %RH at this temperature range.    

 

Figure 4.16: The operating window in terms of temperature and relative humidity conditions for the climate 

chamber [68]. 
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The first experiment is designed to find the required time for the polymer part to reach equilibrium 

with ambient conditions of 50 %RH. To do so, five stabilized polymer parts (without creep) are 

heated up to 80 °C for seven hours in a machine for drying the raw material. After acclimatization, 

the length at dry conditions is measured at room temperature, which for now will be termed “initial 

length”. Then, the parts are placed in the climate chamber as seen in Figure  4.17. The temperature 

and relative humidity are adjusted to 20 °C and 50 %RH, respectively. 

 

Figure 4.17: Polymer parts in the climate chamber. 

The polymer parts are taken out from the chamber for measuring the length after 2.5, 20.5, 26 and 

44 hours. The parts are acclimatized with the temperature of the environment before the length and 

weight are measured.  The moisture uptake increases the weight of the polymer part; hence the 

moisture concentration is obtained by measuring the weight which is measured by a scale with an 

accuracy of 0.1 milligram. The length is measured by a fixture with two inductive probes as seen in 

Figure  4.18. The fixture is made of Invar, a low CTE material (1.6 10-6/°C). Invar reduces non-

wanted thermal effects on the sample length measurement, such as fixture expansion or 

deformation. The set-up is validated with a calibrated Invar reference block (U=0.5 µm) with a 

length similar to the polymer parts. The calibration test for the set-up shows an expanded 

uncertainty of 1 µm in the measurements of the polymer part lengths. The length is compensated for 

the temperature difference from 20 °C by numerical modelling. 

 

Figure 4.18: Fixture for measurement of temperature and length.  



 Chapter 4 – Experimental and numerical investigations 

47 

 

4.3.3 Experimental Results 

The moisture concentration obtained from the weight measurements is calculated as  

 

100






 


d

dm

W

WW
C  

(4.5) 

where C is the moisture content, Wm is the weight of the material which has taken up moisture from 

the ambient and Wd is the weight of the dry material. The average moisture concentration as a 

function of time for the five polymer parts is plotted in Figure  4.19. The exponential curve fit shows 

that the mechanism of moisture uptake follows a Fickian behavior as described in  Chapter 3. The 

polymer parts reach equilibrium with 50 %RH in 48 hours. The moisture concentration at this 

saturated condition will from now on be termed the “equilibrium moisture content”. 

 

 

Figure 4.19: Average moisture content of the 5 samples during 48 hours at 20 °C and 50 %RH. 

The second experiment is designed to find the CME and obtain a relationship between the 

equilibrium moisture content and the relative humidity. Two polymer parts are placed in the climate 

chamber at 50 %RH, 20 °C and two polymer parts at 70 %RH, 20 °C. The initial weight and length 

and the final weight and length after 48 hours are measured. From the measured weight the 

equilibrium moisture content is defined as a function of the relative humidity, see Figure  4.20. The 

linear curve fitting gives  

 100/0046.0 rhC rh

sat   (4.6) 
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Figure 4.20: Moisture content versus relative humidity 

where rh

satC  is the equilibrium moisture content at different relative humidities of the ambient. It 

should be noted that this dependency might not follow a linear tendency as assumed. 

The CME value can be defined as  

 

rh

satCL

L





  

(4.7) 

where ΔL is the length variation from dry to the desired relative humidity, β is the dimensionless 

CME value obtained from the slope of the curve in Figure  4.21. β for this polymer part with the 

measurement of 4 different polymer parts is 

 04.013.0   (4.8) 
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Figure 4.21: Length variation versus rh

satCL . 

  

4.3.4 Numerical study 

As stated in  Chapter 3, there is a direct analogy between the temperature field and the concentration 

field; hence the input parameters for the thermo-mechanical model are changed accordingly to 

perform the hygro-mechanical simulation; (T→C) (ρ, cp→1); and (k→D).  The initial and boundary 

conditions are expressed in terms of moisture concentration which obtained from the above 

experiments. The hygro-mechanical model provides an opportunity for deep investigation on 

moisture diffusion in the polymer parts and compensates for the lack of experiments. 

As for the previous thermo-mechanical modelling, the simulation is performed sequentially, 

meaning that the concentration field is solved in a separate model, and the concentration fields from 

this model are then transferred to a mechanical model, where they are the driving force for the 

moisture induced strains, leading to the overall displacement field.  

To simulate the transient concentration field, the first experiment with the 5 polymer parts is used 

for comparison. The diffusivity is optimized by comparing the simulation with the experiment. All 

the surfaces are exposed to constant moisture concentration and the initial condition is considered to 

be zero for the moisture concentration. A good agreement between experiments and the numerical 

model is achieved for D = 2 10-12 m2/s as seen in Figure  4.22. The enmeshed hygroscopic model is 

shown in Figure  4.23.  
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Figure 4.22: Comparing numerical model with experiment for moisture absorption. 

 

Figure 4.23: Hygroscopic model for moisture concentration in the polymer part. 

The numerical model provides information about the delay in moisture absorption inside the 

polymer parts. In order to investigate this effect, the outer surfaces are exposed to a sinusoidal 

relative humidity variation from 45 %RH – 55 %RH. Overall speaking, the interior is delayed 2 

hours in its response to changes at the boundary, as observed in Figure  4.24. It is concluded that two 

hours is minimum required time to have uniform moisture concentration in the whole polymer part. 
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Figure 4.24: Time delay in moisture absorption. 

The displacement field is reconstructed by substituting the CTE with the CME value in the 

mechanical analysis. The next simulation is performed to inversely find the CME value. The results 

from the first simulation are transferred to the displacement field model. The length from two 

reference points is then directly extracted from the displacement field at different moisture 

concentrations. The CME value is adjusted to have the best agreement between experiments and 

simulations from a visual inspection. The model is compared with experimental result as seen in 

Figure  4.25. The 3D numerical model showed that the change of lengths between the two measured 

points follows a linear trend and β has the same value as found experimentally which is 0.13. 

 

Figure 4.25: Comparison of hygro-mechanical model with experiment. 
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This investigation indicates that a 1D expression sufficiently can be used to compensate for the 

moisture expansion for this particular polymer part geometry. The 1D expression for the length 

variation due to moisture is obtained by considering the equilibrium moisture content at 50 %RH as 

the reference condition, hence δlrh is 

 ).(. %50

sat

rh

sat

rh CCLl    (4.9) 

where %50

satC  at 50 %RH. The determination of rh

satC  is important as there are two situations, 1) the 

polymer part is dry and 2) the polymer part is already in equilibrium with ambient relative 

humidity. For a dry polymer part rh

satC has to be considered as 0. As seen in Figure  4.19, the polymer 

parts absorb moisture for the first 24 hours and reach equilibrium with the relative humidity of the 

ambient. For case 2, rh

satC  has to be calculated by Equation ( 4.24) to compensate for the different 

moisture content between the current condition and the reference condition.  

  

4.4 Measurements performed at a production line 

4.4.1 First measurements at LEGO’s facility 

From 20th to 24th of June 2016 measurements at LEGO’s production line were performed over 5 

days. The polymer parts after injection moulding are shown in Figure  4.26. Here it is observed that 

their temperature varies between 40 °C – 80 °C. The 1D classical equation for compensation of 

length variation due to the temperature is  

 TLL    (4.10) 

The effectiveness of this equation in compensating the length variation due to the temperature 

changes is doubtful for the present case since the initial and transient behavior of the polymer part 

coming out from injection moulding is non-uniform and cannot be modelled by this simple 1D 

equation.  

 

Figure 4.26: Polymer parts after injection moulding. 
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It takes 5-10 minutes to bring the polymer part from the injection moulding machine to the fixture 

as seen in Figure  4.18, and start the measurements. 

The length measurements are first compensated with Equation ( 4.10) in order to evaluate how well 

this classical way of doing thermal compensation performs, see Figure  4.27. It is observed that the 

simple compensation cannot predict the length variation in the transient region, as there is a 

difference between the 1D classical equation and the length measurement. The overall reason for 

this deviation is a non-uniform temperature field in the polymer part due to the higher heat transfer 

to the fixture compared to the air. Consequently, the local temperature measurement does not 

represent the temperature where the length is measured.  

 

Figure 4.27: Calculated transient compensation with classic 1D equation 

 

To overcome this issue a methodology is proposed to develop an adjusted 1D expression based on 

3D numerical simulations made a priori. The method is explained in detail in PAPER IV and is 

summarized here. The overall procedure for deriving the adjusted 1D expression from 3D thermo-

mechanical modelling is shown in Figure  4.28. 
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Figure 4.28: The procedure of deriving adjusted 1D expression for temperature compensation. 

The transient behavior of the polymer parts during cooling down can be captured by thermo-

mechanical modelling as discussed in section  4.2. However the real-time temperature compensation 
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requires a method which works online during the measurements. The temperature gradient in the 

polymer part when mounted in the fixture is primary downwards to the fixture, and thus elements 

from classical 1-D heat transfer theory can be used as the basis for constructing the adjusted 1-D 

expression. In 1-D the transient heat conduction equation is 
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(4.11) 

where αT is the k/ρcp is the thermal diffusivity. A classical solution to this partial differential 

equation comes from considering a semi-infinite solid with fixed surface temperature. Equation 

( 4.11) can be solved by Laplace transformation with the initial condition of T(x,0) = Ti and 

boundary condition of T(0,t) = Ts, T( ,t) = Ti. The solution is a dimensionless temperature which 

is given by 
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where erf() is the Gaussian error function. This solution depends on the initial and boundary 

conditions. A general solution is achievable by performing simulations with different starting 

temperature, fixture temperature and heat transfer coefficients to the fixture (HTC). Eight 

conditions with conditions as seen in Table  4.7 are considered.  

Table 4.7: Boundary and initial conditions applied in the applied in the eight different simulations. 

Simulation 

number 

Fixture 

temperature (°C)  

Initial 

temperature (°C) 

HTC 

1 15 30 500 

2 25 30 500 

3 15 40 500 

4 25 40 500 

5 15 30 1000 

6 25 30 1000 

7 15 40 1000 

8 25 40 1000 

 

The temperatures from the simulations are registered from bottom to top along sidewall of the 

polymer part. The variation of HTC from 500 to 1000 W/m2K did not show any significant effect 

on the transient temperature which to some extend is expected since the thermal conductivity of the 

polymer part is very low which means that the values of HTC in the range of 500 to 1000 W/m2K 

corresponds to almost perfect thermal contact. This is a very beneficial finding since it shows that 

the results can be non-dimensionalized based on Equation ( 4.12). 

The results from thermal modelling are transferred to the mechanical model and the length variation 

from two reference points non-dimensionalized as 
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where Tref is the reference temperature. The dimensionless temperature and the dimensionless length 

variation are combined for a specific position of the temperature sensor resulting in the final 

dimensionless length variation based on dimensionless temperature 

  dbth ceael   (4.14) 

with the coefficients of 860.8,558.0,012.0,011.1  dcba . This expression will 

henceforth be termed the “adjusted 1D formula”. The length and measurement data are compared 

with the adjusted 1D formula as seen in Figure  4.29. The adjusted 1D formula calculates the length 

variation better than the 1D classical equation, however it is not a smooth curve which is expected 

because it directly uses the measured temperature. Moreover, there are still differences between the 

adjusted 1D formula and length measurement the first 100s. In conclusion the adjusted 1D formula 

is more accurate than the 1D classical equation but it is not as accurate as the 3D numerical 

modelling.     

 

Figure 4.29: Comparison of measured and simulated transient behavior during the measurement in the fixture. 
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4.4.2 Experimental study in creep effects 

The effects of temperature and moisture on dimension are compensated by the methods described in 

the previous sections. The aim of the experimental study in this section is therefore to quantify the 

amount of creep existing in the produced polymer parts, resulting in deformations over time. 

Modelling of creep requires several weeks of measurements in order to collect sufficient data. It is 

necessary to have a well-defined time plan and a robust measurement procedure to assure that the 

measurement is carried out until the parts are stabilized. There are two measurement devices for 

long term measurement, 1) CMM 2) fixture. The CMM is more accurate than the fixture but it 

requires a professional operator. The fixture has the advantages of continuous measurement but the 

contact probe force has to be sufficiently low to prevent creep resulting from the external force. 

In this experiment, 4 polymer parts have been measured over a time period from 30 minutes to 4 

days after injection moulding. The fixture is shown in Figure  4.18. The temperature and relative 

humidity of the environment are recorded during measurements. The frequency of measurements is 

10 minutes. The measurement is continued for 50 days with the polymer parts mounted in a CMM 

in a laboratory with temperature control. 

Once the data has been collected, the length is compensated for variations due to temperature 

(Equation ( 4.14))) and moisture (Equation ( 4.9)) such that only the effect of creep is remaining as 

shown in Figure  4.30. 

As the temperature at the laboratory is 20 °C, the raw data (blue line) overlaps with temperature 

compensation data (red line) after the first 4 days, for measurements at the laboratory. The effect of 

creep on the dimension is observed on the data with temperature and moisture compensation (black 

line). 

    

 

Figure 4.30: Polymer part dimension before and after temperature and moisture compensation. 

As seen in Figure  4.30 all data are exponentially decaying, which corresponds to the behavior of the 

Kelvin-Voigt model in Equation ( 3.38). In the injection moulding when the part is ejected from 

injection moulding machine it is assumed that τ = 0 s and there is no external stress (from the mould 

to the part) but only the residual stress is the driving force to affect dimension. The mathematical 

expression for the length variation due to creep for the specific component under investigation is 
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obtained from the regression of the average length variation of the 4 parts. The length variation due 

to creep is thus given by: 

 tcr el 26.091.22   (4.15) 

where δlcr is expressed in μm and t in days. The creep model is shown in Figure  4.31. 

 

Figure 4.31: length variation of 4 polymer parts. 

4.5 Expanded uncertainty  

4.5.1 Expanded uncertainty for measurement for prediction 

There are two measurement set ups, CMM and fixture, consequently there are two expanded 

uncertainties. However their differences are in terms of uncertainty of measurement set up. The 

expanded uncertainty for measurement with CMM, UCMM (L) with 95% confidence level is obtained 

by 

 
)()()()()()(2)( 222222 LuLuLuLuLuLuLU CMMCRCEMETMDECMM   

(4.16) 

Table 4.8: Variable in total uncertainty of the length measurement with CMM 

Variables 
Uncertainty of Value 

uDE Thermal expansion coefficient 0 μm at T=20 °C 

uTM Temperature measurement 0.37 μm  

uME Coefficient of moisture expansion 0 μm at RH = 50 %RH 

uCE Relative humidity measurement 0.38μm 

uCR Creep   3.5 μm 

uCMM CMM  0.3μm  

Expanded Uncertainty at 20 °C – 50 %RH (k=2) 7.1 μm 
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The expanded uncertainty for measurement with fixture, Ufix(L) with 95% confidence level is 

obtained by 

 
)()()()()()(2)( 222222 LuLuLuLuLuLuLU fixCRCEMETMDEfix   (4.17) 

Table 4.9: Variable in total uncertainty of the length measurement with fixture  

Variables 
Uncertainty of Value 

uDE Thermal expansion coefficient 1.34 μm at T=20 °C 

uTM Temperature measurement 0.37 μm  

uME Coefficient of moisture expansion 0 μm at RH = 30 %RH 

uCE Relative humidity measurement 0.38μm 

uCR Creep   3.5 μm 

ufix Fixture  1.1μm  

Expanded Uncertainty at 20 °C – 50 %RH (k=2) 7.4 μm 

 

4.5.1.1 Uncertainty due to thermal expansion coefficient: uDE(L) 

The same equation as Equation ( 4.2)  is used for this uncertainty, however as the fixture was 

calibrated at 20 °C, θS is zero and the uDE is simplified to  

  WWWDE uLLu  222)(   
(4.18) 

where θW =5 °C, LW =32mm. u(αW) = 8.4 10-6/°C  is obtained from the standard deviation of CTEs in 

different simulations (section 4.2).  

4.5.1.2 Uncertainty due to temperature measurement: uTM(L) 

There is always an uncertainty with temperature sensors as well as the measured temperature for 

both standard gauge block and workpiece. They are uncorrelated due to measurement by two 

different sensors. The uncertainty for the temperature measurement is 

    SSSWWWTM uLuLLu  222222)(   
(4.19) 

where αW = 57.3 10-6
/°C, αS=4.5 10-6

/°C,  u(θW) = 0.2 °C and u(θS) = 0.2 °C are the uncertainty of the 

temperature sensors.  

4.5.1.3 Uncertainty due to coefficient of moisture expansion: uME(L) 

The standard gauge block which is used for calibration is made from metal and the moisture does 

not influence on it at this accuracy level (micrometer). The uncertainty regarding coefficient of 

moisture expansion is 

   222)( uLLuME   
(4.20) 
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where u(β) is the uncertainty of the moisture expansion coefficient and it 0.04, φ is 
%50

sat

rh

sat CC  . 

4.5.1.4 Uncertainty due to moisture measurement: uCE(L) 

The moisture measurement has a contribution in uncertainty for measuring the relative humidity of 

the room. This uncertainty is again considered only for the workpiece. 

   222)( uLLuCE   
(4.21) 

where u(φ) is the uncertainty of the moisture measurement which is 2 %RH. 

   

4.5.1.5 Uncertainty due to creep: uCR(L) 

The uncertainty of the creep is given by 

 
     2222

)()( refusetulurepuLu cr

CR    
(4.22) 

where  

 u(rep) is uncertainty of the repetition which is 2.5 μm  

 u(δlcr) is uncertainty of the model which is 2.1 μm.   

 u(set) is the uncertainty of the set-up which is 1 μm,  

 u(ref) is the uncertainty of the reference which is 0.5 μm,  

 

The uncertainty of repetition is obtained by the maximum standard deviation of errors in the model 

when compared with the experiment and this is u(rep) = 2.5 μm. 

 

The uncertainty of the model  crlu   is given by 
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Where  
0

 L

crlu  is the uncertainty of crl with respect to Lε0 and  
v

crlu   is the uncertainty of 

crl with respect to λv as given in Equations ( 4.24) and ( 4.25), respectively.  
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u(Lε0) and u(λv) are obtained from the mathematical regression to fit an exponential curve to the 

experimental data. The maximum and minimum value for both Lε0 and λv are subtracted and it 

considered to have a rectangular distribution, so they are divided by 3 . Hence u(Lε0) = 2.1 μm and 

u(λv) = 0.6 μm.  

The uncertainty of creep is then 

 

      mrefusetulurepuLu cr

CR  5.3)()(
2222
  

 

4.5.1.6 Uncertainty of the CMM: uCMM(L) 

The uncertainty of the CMM is 0.3 μm. 

4.5.1.7 Uncertainty of the fixture: ufix(L) 

The uncertainty of the fixture is obtained by 

  22)()( refusetuLu fix   
(4.26) 

Where u(set) is the uncertainty of the set-up which is 1μm, and  u(ref) is the uncertainty of the 

reference which is 0.5 μm. The uncertainty of the fixture is uref(L) = 1.1 μm. 

 

4.5.2 Uncertainty at different temperature and moisture levels 

uDE and uME are zero at reference condition by definition, but they quickly become important 

uncertainty sources when the measurement is not taken at reference conditions. Hence uncertainty 

with two output quantities is obtained in line with JCGM 102:2011 [69]. The two variables θ and φ 

are uncorrelated. The expanded uncertainty for the CMM and the fixture are plotted in Figure  4.32. 

The uncertainty increment caused by the measurement conditions with respect to reference 

conditions can be now quantified and analyzed. Even though the effect of moisture and temperature 

on the samples’ length cannot be directly compared, the samples are more sensitive to temperature 

changes than humidity. However relative humidity is not always controlled in laboratories and 

production, so it is crucial to quantify the uncertainty on the length coming from relative humidity. 
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Figure 4.32: The expanded uncertainty with two output quantities a) CMM b) The fixture. 

4.5.3 Expanded uncertainty for validation 

The fixture and CMM are used for validation of the DLM algorithm. In the validation there is no 

creep and also the temperature of the laboratory is controlled at 20 °C. Hence the uncertainty due to 

creep and temperature are excluded from the uncertainty budget. The expanded uncertainty for 

CMM is listed in Table  4.10 and obtained by 

 
)()()(2)( 222 LuLuLuLU CMMCEMECMM   

(4.27) 

Table 4.10: Variable in total uncertainty of the length measurement with CMM for validation. 

Variables 
Uncertainty of Value 

uME Coefficient of moisture expansion 0 μm at RH = 50 %RH 

uCE Relative humidity measurement 0.38μm 

uCMM CMM  0.3μm  

Expanded Uncertainty at 20°C – 50%RH (k=2) 1.0 μm 

 

The expanded uncertainty of the fixture for the measurement for prediction is listed in Table  4.11 

and obtained by  

 
)()()(2)( 222 LuLuLuLU fixCEMEfix   (4.28) 

Table 4.11: Variable in total uncertainty of the length measurement with fixture for validation. 

Variables 
Uncertainty of Value 

uME Coefficient of moisture expansion 0 μm at RH = 50 %RH 

uCE Relative humidity measurement 0.38 μm 

ufix Fixture  1.1 μm  

Expanded Uncertainty at 20 °C – 50 %RH (k=2) 2.3 μm 
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Chapter 5  
Validation 

The aim of this study is to validate the developed model in predicting the reference length of 

polymer parts, applying DLM measurements performed at non-reference conditions. In the first 

validation experiment, the effect of creep and moisture are evaluated with measurements performed 

on parts 4 days after injection moulding on a CMM system. The second measuring campaign 

presented in this chapter is the ultimate test of the developed prediction algorithm, where the effects 

of creep, moisture, temperature and probe forces are considered and the measurements are 

performed at the production line at LEGO’s facility. Reference measurements of the produced 

settled parts are obtained two months later, and the overall validation and uncertainty results are 

presented. 

5.1 Validation by long-term CMM measurements 

The work presented in this section is thoroughly described in PAPER V. This validation is carried 

out by measuring two sets of polymer parts. The first set is composed of five stabilized (without 

creep) polymer parts, which are produced three months before the measuring campaign. They have 

been dried for 7 hours and hence only moisture uptake will have an influence on the dimensional 

changes. The second set comprises five non-stabilized (with creep) polymer parts. The parts are 

picked up from the production line, put into moisture isolated bags and sent to the laboratory at 

DTU. The measurements are then started four days after the production with a CMM as shown in 

Fig. 5.1. The temperature of the laboratory is controlled to be at 20 °C. 

 

Figure 5.1: CMM set-up for reference measurements. 
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5.1.1 Result 

5.1.1.1 Stabilized polymer parts 

The raw data in terms of the measured lengths of the five parts together with the corresponding 

measured relative humidity of the ambient are shown in Fig. 5.2. The almost instant increase in the 

length observed at the beginning of measurement is due to the expansion coming from the initial 

dry conditions to the concentration equivalent to the surrounding relative humidity. The variations 

in dimensions are not fully corresponding to the variation in ambient relative humidity, as a result 

of the slow diffusion process.    

 

Figure 5.2: CMM measurement for the stabilized parts. 

The measurement performed at 50 %RH (seen Fig. 5.2) is considered as “measured reference 

length”. The initial length measurement is used to predict the reference length by Equation ( 2.1). As 

the moisture is the only effective parameter on the dimension, Equation ( 2.1) is simplified to 

 rh

measuredreference lll   
(5.1) 

For the first measurement data (at day 90), the parts are dry and 𝐶𝑠𝑎𝑡
𝑟ℎ  is considered as 0. The 

uncertainty is obtained by Equation (4.16) at a relative humidity of 0 %RH and a temperature of 

20 °C. In Figure  5.3, the predicted reference length of the five polymer parts are shown as a solid 

line and the uncertainty as the two dashed lines. The rest of the measurements during the 60 days 

are compensated for the moisture uptake by Equation (4.9), where 𝐶𝑠𝑎𝑡
𝑟ℎ  is obtained by Equation 

(4.6) and Equation based on the measured relative humidity as observed in Figure  5.2.  
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Figure 5.3: Predicted reference length for stabilized parts. a) to e) five different parts. 

In Table 5.1, the En value defined in Equation. ( 4.4) is used to evaluate the agreement between 

predicted reference length, measured reference length and the uncertainty. 
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Table 5.1: Comparison of the predicted and measured reference lengths for stabilized parts. 

Part 

NO. 

condition Predicted reference length 

(mm) (U=7.1 μm) 

Measured reference 

length (mm)  

(U=1.0 μm) 

Error (μm) En Value 

1 Stabilized 31.8311 31.8400 8.9 1.24 

2 Stabilized 31.8340 31.8400 6.0 0.84 

3 Stabilized 31.8305 31.8404 9.9 1.38 

4 Stabilized 31.8405 31.8385 2.0 0.28 

5 Stabilized 31.8406 31.8402 0.4 0.06 

 

The error between measured and predicted reference length for polymer parts 1 and 3 are more than 

the uncertainty value (7.1 μm). These measurements also have an En value more than 1, which 

indicates that the uncertainty estimation is not accurate enough for these cases. In other words, the 

length variation due to the moisture uptake have to be obtained with more data and the uncertainty 

of the CME value is expected to be higher than the current value achieved by the hygro-mechanical 

model.  

 

5.1.1.2 Non-stabilized polymer parts 

The raw data for the non-stabilized parts and corresponding relative humidity are shown in 

Figure  5.4. The length variation follows the relative humidity but reduces over time due to the creep 

effects 

.  

 

Figure 5.4: CMM measurement for the non-stabilized parts. 

In this experiment both creep and moisture are influencing the measured dimension of the polymer 

parts. As for the previous experiment, the initial length measurement is used to predict the reference 
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length by Equation ( 2.1), where the measured length this time has to be compensated for moisture 

and creep. 

 

 crrh

measuredreference llll    
(5.2) 

 

In Fig. 5.5, the predicted reference length of the five polymer parts are shown as the solid line and 

the uncertainty as the two dashed lines. 

 

Figure 5.5: Predicted reference length for non-stabilized parts. a) to e) five different parts. 



 Chapter 5 – Validation 

68 

 

The rest of the measurements during the 60 days are compensated for moisture and creep by 

application of Equations. (4.6 + 4.9 + 4.15). All the compensated lengths are observed to be close to 

the predicted reference length and within the range of the uncertainty limits. The “measured 

reference length” is obtained by the average of the last four measurements of each part, since the 

relative humidity at those times was close to 50 %RH. As shown in Table 5.2, the En values for all 

of the measured parts are less than 1 which indicates that the uncertainty calculation is reliable for 

this experiment. 

 

Table 5.2: Comparison of the predicted and measured reference length for non-stabilized parts. 

Part 

NO. 

condition Predicted reference 

length (mm)  

(U=7.1 μm) 

Measured reference 

length (mm) 

(U=1.0 μm) 

Error (μm) En Value 

1 Non-stabilized 31.7452 31.7442 0.9 0.12 

2 Non-stabilized 31.7470 31.7443 2.7 0.38 

3 Non-stabilized 31.7476 31.7449 2.7 0.38 

4 Non-stabilized 31.7465 31.7450 1.5 0.20 

5 Non-stabilized 31.7474 31.7445 2.9 0.40 

 

5.2 Validation based on measurements performed right after 
production 

The overall goal for the proposed methodology and for the overall Accurate Manufacture project, is 

to predict the final dimensions of a produced part, enabling the opportunity of providing feedback to 

the injection moulding process for adjustment of process parameters online. This final study is 

designed to validate the anticipated DLM approach by measurements performed right after 

production at LEGO’s facility.  The polymer parts for this validation case are picked up from an 

injection moulding machine at the production line. 40 polymer parts coming from 10 consecutive 

shots and 4 different cavities have been used. The dynamic measurements are performed 

approximately 10 minutes after the parts have been ejected from the injection moulding machine. 

The parts from the first two shots have been measured for 60 minutes. The rest of the parts are 

measured for 20 minutes. The measurement set up is the same fixture as shown in Figure  4.18. The 

fixture has 4 stations and the polymer parts from the 4 cavities in each shot are measured 

simultaneously. The temperature of the ambient is 22.0±0.5 °C during the measurements. The 

temperature of the fixture is measured by a PT100 temperature sensor with an uncertainty of 0.2 °C. 

The set-up has been acclimatized to the ambient temperature. The temperature of the polymer parts 

in stations 1, 2 and 4 are obtained by temperature sensors. The temperature of polymer parts in 

station 3 is assumed to be the fixture temperature.   The ambient relative humidity is measured to be 

50±2 %RH during the entire production of the 40 parts. The probe force is 0.6 N and the length 

variation due to the probe force is measured to be -2.2 μm. The reference measurements for 

validating the predicted dimensions are performed 60 days after the production with the same 

fixture in a metrology laboratory at DTU with the conditions of 20 °C – 63 %RH. 
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5.2.1 Result 

The average of the length measurement data for the 10 shots and 4 cavities are shown in Figure  5.6. 

No trend between the different measurements is observed indicating that the measurements are 

random and completely independent from each other.  

 

Figure 5.6: The average of length measurement of 4 cavities and 10 shots. 

The length measurement for the first shot in cavity one is compensated for the length variation due 

to the probe force, temperature (Equation ( 4.14)), moisture (Equation ( 4.9)) and creep (Equation 

( 4.15)) and is termed the “predicted reference length”. Figure  5.7 shows that the predicted reference 

length is lower than the initial measurement after production. The reference length should be a 

constant value but as seen in Figure  5.7, the predicted reference length is decreasing slightly over 

time. This is because the DLM algorithm still has a minor problem in compensating the length 

variation especially in the initial transient region. 
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Figure 5.7: Comparing the predicted reference length with length measurement data.  

5.2.2 Prediction results 

The uncertainty for the measurements at the production line is obtained by Equation ( 4.17) and for 

the reference measurements the uncertainty is obtained by Equation ( 4.28). The average of 

“predicted reference length” for all data are compared with “measured reference length” and listed 

in   
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Table  5.3 to Table  5.6 and shown in Figure  5.8 to Figure  5.11 for the polymer parts from cavity 1 to 

4, respectively.  In those figures the caption letter “B” means shot, “C” is cavity and “S” is the 

measurement station. In the tables the first row is the predicted reference length of the polymer 

parts, the second row is the standard deviation of the predicted reference length and the third row is 

the range of the predicted reference length. The fourth row is the uncertainty of the measurement 

performed at the production line, the fifth row is the measured reference length and the sixth row is 

the error between predicted and measured reference length. The last row is the corresponding En 

value.     
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Table 5.3: Comparing predicted reference length with measured reference length in cavity 1. 

Shot 1 2 3 4 5 6 7 8 9 10 

Pred. 31829.5 31833.9 31834.0 31834.7 31834.2 31831.4 31830.7 31829.6 31834.8 31834.8 

Std. 0.4 0.7 0.3 0.5 0.4 0.3 0.2 0.8 0.4 0.9 

Range 1.9 2.9 1.2 2.4 1.4 1.3 0.6 4.6 1.5 5.1 

Uncer. 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 

Ref. 31824.1 31827.3 31827.0 31828.1 31828.0 31827.6 31826.6 31827.0 31827.9 31828.2 

Error 5.4 6.6 7.0 6.6 6.1 3.8 4.1 2.6 6.9 6.6 

En 0.69 0.84 0.89 0.84 0.79 0.49 0.52 0.33 0.89 0.85 

 

 

 
Figure 5.8: Comparing predicted reference length with measured reference length in cavity 1. 
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Table 5.4: Comparing predicted reference length with measured reference length in cavity 2. 

Shot 1 2 3 4 5 6 7 8 9 10 

Pred. 31836.3 31837.9 31838.1 31838.5 31841.2 31838.9 31839.2 31837.8 31838.8 31836.8 

Std. 0.6 0.5 0.3 0.3 0.4 0.4 0.6 0.7 0.7 0.7 

Range 2.4 2.1 1.1 1.3 1.4 1.5 2.6 3.0 3.2 3.2 

Uncer. 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 

Ref. 31832.8 31835.8 31834.4 31835.7 31836.3 31835.6 31832.2 31833.2 31833.5 31832.5 

Error 3.4 2.1 3.8 2.8 4.9 3.4 6.9 4.5 5.3 4.3 

En 0.44 0.27 0.48 0.35 0.63 0.43 0.89 0.58 0.68 0.56 

 

 

 

 

Figure 5.9: Comparing predicted reference length with measured reference length in cavity 2. 
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Table 5.5: Comparing predicted reference length with measured reference length in cavity3. 

Shot 1 2 3 4 5 6 7 8 9 10 

Pred. 31829.0 31828.4 31830.8 31829.5 31830.2 31828.2 31829.3 31830.0 31827.6 31830.0 

Std. 0.6 0.7 0.7 0.6 0.7 0.7 0.3 0.6 0.8 0.6 

Range 2.9 4.4 2.6 2.6 2.8 3.6 1.2 2.2 3.8 3.1 

Uncer. 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 

Ref. 31822.3 31822.4 31822.8 31823.0 31823.2 31823.4 31825.6 31826.4 31825.6 31826.4 

Error 6.7 5.9 8.0 6.4 6.9 4.8 3.7 3.5 2.0 3.5 

En 0.86 0.76 1.03 0.82 0.89 0.61 0.48 0.45 0.25 0.45 

 

 

 

Figure 5.10: Comparing predicted reference length with measured reference length in cavity 3. 
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Table 5.6: Comparing predicted reference length with measured reference length in cavity 4. 

Shot 1 2 3 4 5 6 7 8 9 10 

Pred. 31839.8 31840.5 31843.7 31842.4 31844.4 31845.8 31846.9 31844.9 31845.3 31845.0 

Std. 0.3 0.4 0.1 0.2 0.2 0.2 0.4 0.7 0.9 0.4 

Range 2.4 1.3 0.4 0.6 0.5 0.9 1.4 2.8 4.5 1.5 

Uncer. 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 

Ref. 31837.2 31838.3 31839.2 31840.1 31840.6 31842.2 31839.9 31840.8 31840.3 31840.3 

Error 2.6 2.2 4.5 2.3 3.8 3.6 7.0 4.2 5.0 4.7 

En 0.33 0.28 0.57 0.29 0.49 0.47 0.90 0.53 0.65 0.60 

 

 

 

Figure 5.11: Comparing predicted reference length with measured reference length in cavity 4. 

It is observed from the results that there is a systematic error in the predicted reference length 

compared to the measured reference length. The measured reference length is smaller than the 

predicted reference length in all of the data. The averages of the error in the predicted reference 

length for the different cavities are listed in Table  5.7. Here it is observed that the errors from the 

different cavities are close to each other, which indicates that the systematic error is due to the 

prediction algorithm.  

Table 5.7: The average of error in the polymer parts from each cavity 

Cavity Average error (μm) 

1 5.6 

2 4.2 

3 5.2 

4 4.0 

Average 4.7 

 

The temperature at the station 3 is installed in the fixture; hence if the transient temperature of the 

polymer parts during the initial measurement has a great influence on the predicted reference length 
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then the error in station 3 must be higher than for the other measurement stations. The errors of the 

four stations are listed in Table  5.8. It is observed that the error of all the stations are close to each 

other which indicates that the temperature of the polymer parts before acclimatization does not have 

a significant effect on the systematic error.  

Table 5.8:  The average error of the stations 

Station Error (μm) 

1 5.8 

2 3.6 

3 5.6 

4 3.7 

 

The maximum length variations due to temperature, moisture, probe force and creep are listed in 

Table  5.9. The effect of temperature and probe force on the dimensional changes are less than 

moisture and creep and also less or close to the systematic error (4.7 μm) and therefore it is 

concluded that the temperature and probe forces are not the main reasons for this systematic error 

however they may have minor contributions. 

Table 5.9: contribution of each influencing factor on length variation. 

Influencing parameters Length variation (μm) 

Creep 22.91 

Moisture 9.3 

Temperature* 4.8 

Probe force 2.2 

* The average of maximum length variation is considered for temperature. 

 

In Figure  5.12, the raw measured data are compensated for only temperature and probe forces. After 

the production the dimension of the polymer parts tend to increase due to the moisture uptake, but 

creep counteracts that effect. As the length reduces, it can be concluded the creep has a dominant 

effect on the length variation and plays a potential part parameter in the systematic error. However 

the effect of moisture on systematic error should not be ignored since the validation measurement is 

performed in a relative humidity other than 50 %RH and error of moisture compensation formula 

influences on the validation measurement.   
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Figure 5.12: Comparing the measurement data with compensated data with temperature and probe force. 

The first four days of measurements together with the creep model as shown in Figure  4.31 is 

enlarged and plotted in Figure  5.13. It is observed that the creep model cannot predict the first drop 

from the measurement which is a possible source of the systematic error for this experiment. It is 

worth to notice that the jumps in measurements are due to problems in the data acquisition system, 

however the measurements are within the uncertainty range and it does not affect the results.   

 

Figure 5.13: Creep model for first four days. 

Although there is a systematic error between the measured and the predicted reference length of the 

polymer part, the systematic error is within the uncertainty of the prediction algorithm itself. The En 

values for all data are less than 1 which indicates that the predicted length and the reference 

measurements are in agreement. Therefore, the uncertainty calculation for this measurement and 
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prediction is reliable. However, the systematic errors observed during these validations also indicate 

that the algorithm could be improved in the future. 
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Chapter 6  
Energy flow measurement in a 
machine tool 

This work was performed during an external stay at ETH Zürich (IWF) for two months. As outlined 

earlier, DLM requires the on-line measurement of different parameters and applying them in a 

simple 1D expression which is extracted from a comprehensive 3D model. As an example of how to 

extend this from component to system level, the energy flow monitoring of a machine tool has been 

investigated. More specifically, the relevant parameters such as temperature, electrical power, speed 

of motors, etc. have been measured during a machining process. The quantification of the energy 

flows in a machine tool is fundamental in reducing thermal errors in these tools. Outcomes of such 

analysis can then be used as input for a 3D thermo-mechanical model predicting the thermal error in 

such tool.   

 

6.1 Thermal error in a machine tool 

The thermal errors in machine tools are major contributors to dimensional errors which in turn are 

responsible for 70% of all manufacturing errors [70]. Thermal deformations in the components of 

machine tools cause thermal drift between the tool center point and workpiece. Kim et al. [71] 

showed that a few minutes of high speed machining can produce a thermal drift error beyond the 

acceptable range of precision machining. The main heat sources came from the coolant control unit, 

machine components and cutting process and power losses.  The different initial and boundary 

conditions lead to a non-uniform temperature field. This temperature distribution accompanied by 

different thermal expansion coefficients, density volume-to-surface ratios and specific heats for the 

different components causes elastic deformation which results in thermal drift at the tool center 

point. Thermo-mechanical modelling of machine tools [72] or its main components such as spindles 

[73][74] and rotary axes [75] are used for thermal error compensation. The physical properties and 

constraints, such as initial temperature and convective heat transfer coefficients are important 

parameters for the accuracy of such models. Neugebauer et al. [76] updated the convective heat 

transfer coefficient in each time step of an FE model of a machine tool. By adaptation of the 

boundary condition, the prediction of thermal deformation was considerably improved. An example 

of the so-called thermal effects diagram is shown in Figure  6.1[77]. The temperature gradients and 

temperature variation must be determined to calculate the total thermal error. Monitoring heat 

sources and energy flows in machine tools can be used to provide the conditions for the thermo-

mechanical modelling.  
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Figure 6.1: Thermal effect diagram[77]. 

 

6.2 . Methodology 

The heat sources in a machine tool in general increase the temperature to a higher level than the 

temperature of the environment. It is therefore assumed that the thermal energy is transferred from 

the machine tool to the environment. The methodology concentrates on the energy flow in coolant, 

machine and cutting processes as seen in the top of Figure  6.1. The input and output energy at the 
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energy consumers are measured. The amount of thermal energy which is transferred by convection 

and conduction are not measured for this study and it is assumed to be negligible compared to the 

input and output energy of other energy consumers (motors, pumps and etc). 

A modular energy model for machine tools can in general be applied on different machine tool 

types and concepts. With this approach, the subsystems of a machine tool such as machine cooling, 

process cooling, and drive train are defined. The in-flow and out-flow energy for each subsystem 

are determined by using the datasheet information of the machine tool’s components and 

measurement of the relevant parameters such as current of motors and temperature of cooling fluid. 

This type of procedure is in line with ISO-14955-1[78]. A physical model integrates the inputs from 

datasheets, measurements and NC readout to compute the energetic flows in the machine tool. In 

PAPER VI such a case study for a 5-axis machine tool is given in detail. 

 

6.2.1 Component Models 

In the following sections, the energy flow models for the relevant machine tool subsystems are 

introduced. The aim of these models is the characterization of the relevant energy in-flow and out-

flow based on the measured variables. 

6.2.1.1 Servo Motors 

The electrical power Pel, mechanical power Pmech and heat loss of a servo motor (3phase – 

Y configuration) are calculated by 

 
aiel RIkIP 233    (6.1) 

 
amech kIP 3  (6.2) 

 
mechelloss PPP   (6.3) 

 

Where I is the current and ω is the rotational speed obtained from the NC. The model further 

requires several parameters: ki is back electromotive force constant, Ra is the armature resistance 

and ka is the torque constant.  

6.2.1.2 Spindle 

For an AC motor which is usually used in spindles, the electrical power is obtained as 

 




22

2
2

, 3
rr

rh
Sel

LR

RL
IP   

(6.4) 

where Lh is mutual inductance, Lr rotor inductance and Rr  is rotor resistance. The armature current 

as well as the rotation speed of the rotor are obtained from the NC. 
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6.2.1.3 Pump 

The electrical energy supplied to the pump Pel can be measured. The AC motor of the pump 

converts this electrical power to mechanical power motor

mechP  and losses in the motor motor

lossP  : 

 
elm

motor

mech PP   
(6.5) 

   elm

motor

loss PP  1  
(6.6) 

where ηm, is the efficiency of the motor. 

The pump utilizes motor

mechP  and transfers it to the hydraulic power Pfl of the fluid while generating a 

certain amount of heat losses motor

lossP   in the pump by: 

 
fl

motor

mech

pump

loss PPP   
(6.7) 

The total loss in the motor and the pump is 

 pump

loss

motor

lossloss PPP   
(6.8) 

The fluidic power generated by the pump is 

 VghVpP pfl
    

(6.9) 

where Δp is the pressure raise provided by the pump, ρ is the density of the fluid, g is the 

gravitational acceleration, hp is the head of the pump and V is the pump’s flow rate. There is no 

need to measure the flow of the pump if the pump characteristic is provided by the manufacturer 

which is in line with ISO 14955-2 [79]. Otherwise, if the efficiency ηp of the pump is available, it 

becomes also possible to compute the fluidic power by 

 motor

mechpfl PP   
(6.10) 

6.2.1.4 Process and machine cooling 

Different kinds of cooling fluids are used in machine tools for different tasks: Clearing the 

machining chamber from chips, cooling and lubricating the process by supplying cutting fluid to the 

tool and the workpiece, as well as thermal control of machine components such as axes and the 

spindle. The thermal energy flow Pcooling to the fluid from the component can be quantified as 

enthalpy raise: 

  inoutpcooling TTcVP    
(6.11) 
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where Tout and Tin are the measured temperature at the outlet and inlet of the component and cp is the 

heat capacity of the fluid. 

 

For this study, the introduced energy flow models are applied on a five axis milling machine. 

Different components are implemented in this machine as subsystems. These subsystems are 

categorized according to their type by reviewing the technical documentation of the machine. There 

are seven different types of subsystems considered for this machine tool, and these are: 1) Drive 

Train 2) Machine cooling 3) Process cooling 4) Hydraulic system 5) Compressed Air 6) Chip 

Conveyor, and 7) Lubrication. 

6.2.2 Measurement procedure 

It is required to run the machine and measure the relevant parameters to quantify the energy flow in 

this machine tool. The steady state assumption in the proposed method requires to run the machine 

for a specific time in order to be sure that the machine reached steady state. An air cutting process 

as in [80] is performed on the machine twice, once with process cooling and once without process 

cooling. Each machining process lasts 5000 s. In the machining process, the spindle rotates at three 

different speeds, the linear axis has movement and C axis rotates the table. The B axis is on control 

without rotation. The discussed models, as well as the machine tool specific data from fact sheets 

together with the measurements by sensors and NC readout are analyzed in LabVIEW® for online 

monitoring of the energy flows in this machine tool. 

6.2.2.1 Datasheets 

The documents of the machine tool’s components provide information for motor and pump 

characteristics which are required to compute the power consumption of the components. As an 

example the characteristics for the linear axis servo motors are listed in Table  6.1.   

Table 6.1: Linear axes motors specification. 

Parameters 
Unit X Y Z 

Ra  Ω 0.14 0.14 0.17 

ka  Nm/A 1.17 1.17 0.77 

ki  V.s/rad 0.39 0.39 0.26 

Stall current  A 15.5 15.5 18.5 

Stall torque  Nm 22 22 12 

Winding  Y Y Y 

There are two separate cooling subsystems of the same type for the main spindle and linear axes 

and for the rotational axes. The data which is obtained from their datasheets is listed Table  6.2. 
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Table 6.2: Characteristics of the chillers in the machine cooling subsystems. 

Parameters 
Unit Value 

ΔP  kPa 500 

cp  J/kg.K 1600 

ρ  kg/m3 850 

g  m/s2 9.81 

�̇� (Linear axes) l/min 10 

�̇� (Rotational axes) l/min 24 

 

The coolant subsystem has five pumps, where the pumps for the spindle, the shower, the chip 

flushing and the drum filter are of the same type. There is a different pump for the through-spindle 

coolant. All the pumps characteristics are available as graphs which make it possible to identify the 

pump efficiency and fluidic power based on the input power (Pel). The density of the coolant in the 

subsystem is 850 kg/m3. 

6.2.2.2 NC readout 

The Fanuc FOCAS 2 library is used for the NC readout. Assuming a 12 bit encoder for the current 

and speed measurements by the NC, relative uncertainties of 1% are estimated for the reading of the 

armature current and rotational speed of the motors. 

6.2.2.3 Measurement sensors 

Power 

In total 11 Christ CLT310 power metres with a power demand of 15 W each and an uncertainty of 

0.015 kW were installed. These sensors are capable of measuring electrical power up to 4 kW. 

Components with a power consumption expected to exceed this limit are equipped with a current 

transformer of a ratio 1:20, leading to an indirect measurement range for the electric power. The list 

of power measurement points is shown in Table  6.3. 

Table 6.3: Power measurement points. 

NO.  
Measurement point direct / indirect 

1 Main power indirect 

2 Drive train linear axes indirect 

3 Drive train rotational axes indirect 

4 Chiller rotational axes direct 

5 Chiller spindle & linear axes direct 

6 Through-spindle pump indirect 

7 Spindle pump direct 

8 Shower pump direct 

9 Chip flush pump direct 

10 Drum filter pump direct 

11 Hydraulic pump direct 
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Temperature 

The temperature of the fluid at the inlet and outlet of the pumps were measured in order to compute 

the change in enthalpy. The sensors used were PTFE welded tip thermocouples with an uncertainty 

of 0.01 K. Two DAQ NI 9214 are used to acquire the data. The temperature measurement locations 

are listed in Table  6.4 

Table 6.4: Locations of temperature measurements. 

NO. 
Component Subsystems 

1 Inlet  Machine cooling (linear) 

2 Outlet  Machine cooling (linear) 

3 X-axis  Machine cooling (linear) 

4 Y-axis  Machine cooling (linear) 

5 Z-axis Machine cooling (linear) 

6 Spindle Machine cooling (linear) 

7 Inlet Machine cooling (rotational) 

8 Outlet  Machine cooling (rotational) 

9 Through-spindle Process cooling 

10 Spindle Process cooling 

11 Shower Process cooling 

12 Chip flush Process cooling 

13 Drum filter Process cooling 

14 Tank Process cooling 

 

The temperature for the linear axes machine cooling subsystem is shown in Figure  6.2. The 

temperature at the Y-axis is dominated by noise in the first machining process which is due to a 

problem with the insulation of the sensor. The signals labeled as “inlet” and “outlet” are the 

measured temperatures at the inlet and outlet of cooling subsystem for the main spindle and linear 

axes. The outlet temperature decreases when the chiller in the cooling subsystem starts working and 

cools down the temperature of the fluid. As the temperature reaches the equilibrium, the cooling 

subsystem adjusts the temperature periodically as seen during the final part (7000 s-10000 s) of the 

temperature profile. 
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Figure 6.2: Temperature variation for the entire experiment in the machine cooling subsystem for linear axes. 

For the rotational axes it is not possible to measure the temperature close to the inlets and outlets of 

the B and C axes due to the geometry of the subsystem. The temperature is therefore measured at 

the inlet and outlet of the cooling subsystem. The B axis is not moving but the motor is supplied 

with electrical energy to control the table position. The inlets for the B and C axes are not accessible 

to measure the temperature, it is therefore assumed that the coolant flow is divided equally between 

the two axes. The temperature for the rotational cooling subsystem can be seen in Figure  6.3. The 

periodic behavior of the temperature is considered as quasi steady state. The selected time for the 

analysis is considered large enough to include several periods. 

 

Figure 6.3: Temperature variation for the entire experiment in the machine cooling subsystem for rotational 

axes. 

The temperature variation measured in the process cooling subsystem is shown in Figure  6.4. The 

temperature of the fluid is increased at all pump outlets and also in the tank until 3200 s. After that, 
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the process cooling is not used and the pumps are shut down, so that the temperature of the coolant 

fluid is reduced by convection. 

 

Figure 6.4: Temperature variation for the entire experiment in process cooling subsystem. 

6.2.3 Results and discussion 

6.2.3.1 Power variance 

The power variance for all measurement points is plotted in Figure  6.5. The drum filter pump shows 

a higher average power than the other subsystems (around 1000 W), which is expected since the 

drum filter pump is always running during the machining program with process cooling. While the 

NC is on, the linear axes show an average power consumption in the order of 1000 W since the 

spindle which is part of the linear axis is almost always running and the linear axes are all supplied 

with electrical power during this experiment. The power consumption for the other components 

(yellow area in Figure  6.5) is around 800 W. 
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Figure 6.5: Power variance in each component during machining experiment. 

6.2.3.2 Sankey diagram 

A 2D Sankey diagram is used for visualization. The LabVIEW® program computes the value for 

each line and updates the Sankey diagram by an excel file. The 2D Sankey diagram for the power 

flows of this machine tool during machining is shown in Figure  6.6. The magnitudes of input 

electrical powers are listed in Table  6.5. 

7000

Through-spindle pump 

6000

5000

4000

3000

2000

1000

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Shower pump 

Chip flush pump 

Chiller linear axes  

Others  

Hydraulic pump

Chiller  pump

Spindle pump 

NC B/C
Drum filter pump

NC S/X/Y/Z

Time (s)

P
o
w

er
 (

W
)



 Chapter 6 – Energy flow measurement in a machine tool 

89 

 

 

Figure 6.6: Sankey diagram for the power flow during the entire machining process. 
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Table 6.5: Magnitudes of input electrical powers 

NO.  
Measurement point Magnitude (W) 

1 Main power 5416 

2 Drive train linear axes 990 

3 Drive train rotational axes 741 

4 Chiller rotational axes 326 

5 Chiller spindle & linear axes 516 

6 Through-spindle pump 0 

7 Spindle pump 336 

8 Shower pump 0 

9 Chip flush pump 0 

10 Drum filter pump 1110 

11 Hydraulic pump 461 

 

As seen by the labels at the top of Figure  6.6 and summarized in Table  6.6, the flow rates in the 

Sankey diagram are obtained by different modeling or measurement approaches, which are used for 

the verification of the proposed method based on the rule of conservation of energy. The results are 

listed in Table  6.7. 

Table 6.6: Approaches in computing the value for the Sankey diagram  

Name 
Approach 

Input power for all subsystems Power measurement 

Amplifier power Power measurement and NC readout 

Electrical input for motors NC readout 

Cooling power Temperature measurement 

Fluidic power Datasheet 

 

Table 6.7: Comparison of the power computed at intersections of different approaches. 

Row Input 
Input 

power (W) 
 

Thermal 

power (W) 
Output 

1 XelP ,
 50 ≥ 10 XcoolingP ,

 

2 YelP ,  115 ≥ 45 YcoolingP ,
 

3 ZelP ,  178 ≥ 104 ZcoolingP ,
 

4 SelP ,
 211 ≥ 38 ScoolingP ,

 

5 BelP ,
 648 ≥ 4 BcoolingP ,

 

6 CelP ,  9 ≥ 4 CcoolingP ,
 

7 .RotP  325 ≥ 182  icoolingRotflRotloss PPP ,.,.,
CBi ,  

8 .LinP  516 ≥ 491  icoolingLinflLinloss PPP ,.,.,
SZYXi ,,,  

9 drumP  67 ≥ 17 drumcooling
pump

drumloss PP ,,   

 

The electrical input to the motors is converted to mechanical power and heat losses. The heat losses 

either propagate to the ambient or increase the temperature of the machine tool’s components which 

is cooled down by the process cooling subsystem. Hence, the electrical power input of the motors 
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has to be equal to or larger than the cooling power and this is fulfilled as seen in Table  6.7 row 1 to 

6. 

The machine tool cooling subsystems for the main spindle and linear axes and for the rotational 

axes consume electric power in order to transfer heat from the drive train subsystem to the chillers 

tanks. The input powers of the machine tool cooling subsystems have to be equal to or larger than 

the thermal power which is returned to the tank and this is also fulfilled as seen in Table  6.7 row 7 

and 8. 

The process cooling subsystem is responsible for removing the chips and heat from the machining 

working area by several measures (spindle cooling, fluid shower, chip flush and through spindle 

cooling). In this study the air cut machining does not provide any process heat in the machining 

chamber and therefore there is no additional thermal power supplied to the fluid. All fluidic power 

has to be converted to thermal power, but some of this thermal power is transferred to the 

environment instead of to the tank. Therefore, the input power of drum filter has to be equal to or 

higher than the thermal power, and this is fulfilled as seen in Table  6.7 row 9. 

The rule of energy conversion for electrical, mechanical, thermal and fluidic power is fulfilled even 

though they are obtained by different measurement methods as well as simplified computation by 

considering a quasi-steady state solution. A limitation of this validation is ignoring the heat transfer 

by convection and conduction which may be a possible reason that the rule of conversion is always 

fulfilled. 
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Chapter 7  
Concluding remarks 

7.1 Conclusions 

The overall target of the present PhD study was to provide a procedure to measure the dimension of 

specific polymer parts in the production with an uncertainty less than 10 μm. This has been 

approached by utilizing the DLM method where simultaneous measurements of the influencing 

parameters such as e.g. temperature and humidity affecting the dimensions of a part over time 

(dynamically) together with numerical models are used to predict the reference length of the parts at 

non-controlled production conditions. 

First, the DLM approach was applied to a metal part, where a steel gauge block was measured 

dynamically with three temperature sensors and two contact probes. A thermo-mechanical model 

(3D FE analysis) was applied in order to extract the CTE value by comparing the results from the 

numerical simulations with the experiments. The length variation due to the measurements 

performed at non-reference conditions was then compensated by classical 1D compensation and by 

the 3D FE analysis. It turned out that this case was close to be 1D such that the classical 

compensation yielded an uncertainty of 0.52 μm, which is close to the uncertainty obtained with the 

3D FE analysis of 0.25 μm. However, the results still demonstrated the benefits and effectiveness of 

utilizing numerical simulations for the compensation. 

In the second case, a polymer part (LEGO brick) was measured while sitting in a fixture and this 

case showed by no means to be 1D, so here the full-blown 3D thermomechanical analysis really 

showed its potential. Apart from the thermal effect, the dimension of the polymer part is also 

influenced by the variation in the relative humidity of the ambient. To quantify this, an 

experimental study was carried out to obtain the CME which provides a measure of the 

corresponding relative length variation due to change in concentration content. The obtained values 

for the CME were then subsequently used in a numerical simulation of the effect of moisture on 

final dimensions. Moreover, the injection molded polymer parts experience long-term creep from 

the time of production and several weeks onwards. This phenomenon was attributed to creep 

described numerically by a simple Kelvin-Voigt model based on measurements over a period of 60 

days from the time of production. 

The measurement equipment (probes forces) showed to have a contribution to the measured length 

comparable to the desired accuracy. Hence, classical Hertzian contact theory was used to suggest an 

analytical solution for the compensation of the effect of probe forces on dimension. To support this, 

corresponding numerical modelling as well as experimental investigations were carried out. 
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Because of the relatively heavy 3D FE analyses developed for compensating the polymer part, 

which makes this procedure not suited for on-line corrections in production, a number of 3D FE 

analyses were made a priori with proper variations of boundary conditions, and a simple expression 

suitable for in-line corrections was constructed, based on classical heat transfer theory. 

As a final part of the PhD project and to make the picture complete, the thermal stability of tools 

used in e. g. injection moulding or subsequent machining of metallic parts was analyzed and a 

model for predicting and visualizing the various heat fluxes in an applied tool was proposed. 

The developed simple expression for compensating for all the effects combined was finally applied 

to two cases in order to predict the reference dimension for final validation: 1) Measurement of 

polymer parts 4 days after production and 2) Measurement of polymer parts right after production. 

The results showed that the proposed DLM algorithm was capable of predicting the reference 

dimension with an expanded uncertainty of 7.4 μm. A systematic error of 4.7 μm was found in the 

final predictions, possibly as a result of the applied creep model which could be further improved. 

7.2 Future work 

In the present work, the DLM method was applied to simple 1D length measurements on 

geometrically otherwise complex polymer parts. However, the DLM method is as mentioned in this 

thesis a more general concept and could be applied for 3D measurements. Furthermore, contact 

sensors have been used in the present study; however, the approach could be applied to contactless 

systems (e.g. laser or optical) which is the direction that dimensional metrology is taking in 

industry. These challenges make room for substantial investigations on how these systems can be 

placed in the production with application of appropriate compensation algorithms in the future. 

The overall goal for the proposed methodology and for the overall Accurate Manufacture project, is 

to predict the final dimensions of a produced part, enabling the opportunity of providing feedback to 

the injection moulding process for adjustment of process parameters online. This feedback and 

taking the effect of the manufacturing process into account in the prediction algorithm is definitely 

something that has to be looked into in the future.    
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Abstract 

Conventional length metrology for traceable accurate measurements requires costly temperature controlled facilities, long waiting 
time for part acclimatisation, and separate part material characterisation. This work describes a method called Dynamic Length 
Metrology (DLM) developed to achieve sub-micrometre accuracy on metal parts, or micrometre accuracy on polymer parts, directly 
in a production environment. The method consists in the simultaneous measurement of all quantities affecting dimensions of a 
part over time (dynamically), involving a number of sensors and reference artefacts, followed by mathematical or numerical 
modelling of the thermo-mechanical effects. It is hereby possible concurrently to predict condition-specific material properties as 
well as part dimensions at any point, time, temperature, humidity, etc. Knowing all systematic errors and influencing factors, and 
their combined effect, on a given length, it is possible to calculate the corrected length at 20°C, zero measuring force, etc. An 
estimation of the measurement uncertainty U can be obtained following the guidelines of the GUM, dimensional values and their 
uncertainties being the final result of the analysis. Preliminary investigations have indicated that the approach is viable, either using 
analytical modelling or FEM. An expanded uncertainty (k=2) lower than 0.4 μm was achieved using a steel gauge block  as 
workpiece. 

Keywords: Metrology, low uncertainty, production environment 

1. Introduction 

The work introduces the method called Dynamic Length 
Metrology (DLM) to achieve sub-micrometre accuracy in a 
production environment and accurate measurements, at 
micrometre level, on parts made from dimensionally relatively 
less stable materials such as, e.g., polymers. The  new 
method consists in simultaneously to measure all quantities 
affecting dimensions of a part over time (dynamically), using a 
series of sensors and references, and apply mathematical or 
numerical modelling of the thermo-mechanical effects to 
concurrently predict task-specific material properties and part 
dimensions at any point, time, temperature, humidity, etc. In 
principle, if all systematic errors and all influencing factors and 
their effect on the measurands   are   known,   it   is   possible 
to develop a metrological model calculating the corrected 
length at 20°C, zero measuring force,  etc.  An  estimation  of 
the uncertainty of the measurement U can be obtained 
following the guidelines of the GUM [1]: Dimensional values 
and their uncertainties are the final result of the  analyses. 
Table 1 illustrates the impact of the new   method   in   terms 
of requirements. DLM can be implemented at   several 
levels: 
• Stand-alone unit complete of sensors and software
• Solution complete of sensors and software for use 
together with a measuring fixture in the production
• Solution complete of sensors and software for use on a
Coordinate Measuring Machine (CMM).

Preliminary investigations have indicated that the approach is 
viable [2], [3]. 

Table 1: Main requirements in conventional vs. Dynamic Length 
Metrology (DLM) 

Requirements for accurate 
measurements using 
conventional length 

metrology 

Requirements for accurate 
measurements using Dynamic 

Length Metrology (DLM) 

• Costly temperature
controlled facilities

• Long waiting time for
part acclimatization

• Separate part material
characterization

• Directly in production
environment 

• Dynamic multi-sensoring
system 

• Mathematical and
numerical modeling

2. Experimental investigation using gauge blocks 

Two gauge blocks made of steel, and tungsten carbide, 
respectively, have been used in an investigation using one 
gauge block as workpiece and the other one as reference [2]. 

Figure 1: Set-up for DLM on gauge blocks [2] 
By heating the test gauge block to approx. 25˚C and zeroing the 
equipment    using    the    second    gauge    block,    concurrent 
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measurements of two lengths and four temperatures over time 
were performed. From the data, both an analytical approach 
and one using Finite Element Modelling (FEM) can be applied, 
as described in the following. 

3. Analytical solution

The analytical solution uses the length and temperature
measurements to calculate the corrected length at 20°C by 
concurrently characterizing the material coefficient of thermal 
expansion (CTE) of the part during measurement. It should be 
noted that the value determined in this way is an apparent 
(task specific) CTE. The analytical solution is based on 
minimising the error in length measurement by finding the 
optimum values of the model parameters in accordance with 
the actual measurements. The model is described by a linear 
expression containing the parameters CTE, length and 
temperature: 

𝐿𝐿 (𝑡𝑡) = 𝐿𝐿𝑟𝑟�� + ∆𝐿𝐿(𝑡𝑡) − 𝑓𝑓(𝑇𝑇, 𝑡𝑡) (3) 
Figure  2  shows  the  calculated  length  as  a  function  of the 

measuring time for a set of 9 repeated runs on the steel gauge 
block. It can be seen that the result converge to a stable 
calculated length. Over time more input is processed by the 
analytical solution and a more stable solution is obtained. 
Uncertainties are calculated taking the uncertainty of the 
repeatability, inductive probes, reference gauge block and 
temperature sensors into account. Results from a single cooling 
curve and considering a measuring time of 600 s are already 
satisfactory, as shown in table 1. 

100,002 

Figure 2: Contour plot of the reconstructed initial non-uniform 
temperature distribution within the steel gauge block 

The basic field equations that have to be solved in the 
mechanical model are the three static equilibrium equations. 
Hooke’s law and linear decomposition of the strain tensor as 
well as small strain theory are applied together with the 
expression for the thermal strain. 

An inverse modelling procedure is necessary, where the 
model through an optimization algorithm is able to adjust the 
local CTE value, being the dominating parameter, such that the 
overall value from the simulation fits what has been measured 
during the dynamic length measurements. 

The result from the mechanical model is the displacement 
field at the reference condition from which the length variation 
between the two centre points on the steel gauge block can be 
extracted. On this basis the length of the steel gauge block is 
calculated similarly to the analytical solution, considering data 
over a measuring time of 600 s. 

The expanded uncertainty of the mechanical model is 
calculated as twice the standard deviation of the simulated 
lengths at the reference conditions. 

5. Results 

Table 1 Comparison of calculated and calibrated values for the steel 
gauge block length. Uncertainties are expanded (k=2) 

100,001 

100,000 
6. Conclusions 

99,999 
0 500 1000 1500 2000 

Measuring time /s 

Dynamic Length Metrology (DLM) allows achieving sub- 
micrometre accuracy on metal parts after 10 min of 
measurements directly in a production environment. 

Figure 2: Calculated length at 20°C vs measuring time 

4. Numerical solution 

The numerical model has to solve for two different field
quantities: the transient temperature field and the transient 
displacement field. The basic field equation that has to be 
solved in the thermal model is the standard heat conduction 
equation by Fourier while the influence from the surroundings 
is in this case modelled via Newton’s law of cooling, which is 
applied as boundary conditions on the surface. Temperature 
was measured at three different points on the gauge block (see 
Fig. 1). Based on these temperatures, the thermal model is 
used to reconstruct the overall transient temperature field, see 
Fig. 2. One temperature only was considered for calculations 
during cooling down. 
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Abstract 
Measurement uncertainty at micrometer level is in the future going to be very common in dimensional measurements on polymer 
parts. Accurate dimensional measurement of polymer parts is becoming a key and common practice in the industry, especially 
when micrometer tolerances are required. When conducting measurements with a contact probe there is always a force applied to 
the part. This force (0.3N – 3.3N) leads to deformations that influence the final result. The unknown deformation of the part under 
the measurement conditions can produce significant errors in the measurement. In the present work, Hertzian contact theory was 
applied to find the deformation analytically, where the measuring force imposed to the part. Material properties of the polymer 
and radius of the probe tip were known parameters. The finite element software ABAQUS was then used to model the contact 
problem numerically. Both analytical and numerical approaches were compared with the experimental results. The results showed 
that the numerical model was able to predict the deformation of the polymer part due to different probe forces. Furthermore it 
was shown, that the probe force should be taking into account when measurement with a few micrometer accuracy should be 
performed on polymer parts. 

Metrology, Measurement force, Modelling. 

1. Introduction

When speaking about measurement at micrometer level in
polymer parts, the measurement procedure must be defined 
such that the measurement instrument doesn’t influence the 
dimension of the part. The contact probe which is very 
common in measurement can have side effect to the parts in 
accurate measurements because of the relatively low 
mechanical stability of polymers after production (compared to 
metals). The effect of probe force on geometry is therefore 
important to consider when accurate measurements are 
needed [1]. The probe can be modelled by using analytical 
calculations or finite element analysis to find its interaction 
with workpiece and obtain more accurate measurement as 
performed by Feng et al. [2-3]. In the present study the effect 
of the probe force on the length dimension of a polymer 
sample is investigated by Hertzian contact theory and finite 
element analysis. 

The next section addressed the experimental study. The 
analytical approach for deformation due to contact probe force 
is investigated in section 3. In section 4 the numerical solution 
is conducted by using a finite element analysis. Results which 
were obtained from previous sections are analysing in section 
5. Finally the last section concludes the paper.

2. Experimental Study

The setup for the experiment allows the measurement of the
length of a polymer part when applying force in a range of 0.3N 
– 3.3N. The measuring device is a linear actuator (SMAC LCA
25-010-52F3) with a resolution of 0.1 µm. The support for the
specimen and the probes is made of Invar. The specimen is ABS 
part with a complex geometry and thin walls. The length
measurements at different force levels were repeated 10 times
for 5 parts. The experimental results for length variation are
obtained as shown in Table 1. The measurements were
performed at a constant temperature of 20˚C.

Figure 1. Experimental setup: Measurement of sample length with a 
SMAC probe. 

3. Analytical solution

The deformation caused by the probe force can be calculated
by Hertzian contact theory [4]. The assumptions for this theory 
are 1) The surfaces are continuous and non-conforming, 2) The 
radius of contacting probe is much larger than radius of the 
circle of contact (a<<R), 3) Each solid can be considered as an 
elastic half-space, 4) The surfaces are frictionless. The contact 
conditions are schematically is shown in Figure 2 and equations 
(1-3) is used to calculate the deformation. 

Figure 2. Contact of a rigid sphere with an elastic half-space 

𝐸𝑝
∗ =

𝐸𝑝

1−(𝜐𝑝)
2 (1)
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𝑎3 =
3𝐹𝑅

4𝐸∗
(2) 

𝑑 =
𝑎2

𝑅
(3) 

Where Ep is Young’s modulus and 𝜈𝑝is Poisson’s ratio for the 

polymer. Ep
*
 is the equivalent Young’s modulus. F is the applied

force by measurement the probe, R is the radius of probe, d is 
deformation and a is the radius of deformation. 

The results from the analytical solution are shown in table 1. 
As it is observed, they are not close to the experimental results 
because of the low thickness of the part’s wall. In next section a 
numerical analysis is conducted which can provide more 
information about effect of probe on the polymer sample by 
including probe position. 

4. Numerical solution

The polymer part is numerically modelled in ABAQUS. The
material is ABS (acrylonitrile butadiene styrene) which is 
assumed to be isotropic. The probe is considered as a rigid 
body. As seen in Figure 3, six positions are defined for the 
probe to be placed in order to find out why the analytical 
solution is different from experimental result. For the 
experiment, the probe was placed at position 5. The results 
from the numerical model in terms of the length variations for 
all the positions are listed in table 1. 

Figure 3. Schematic illustration of the probe positions in simulation. 

Figure 4. Contact simulation in ABAQUS, displacements in the direction 
of force (2.01N), the deformation is exaggerated 100 times. 

5. Result and Discussion

For better comparing the results, all of the length variations
as a function of probe force are plotted in Figure 5. The 
numerical results show the probe is close to position number 6 
instead of 5. This error can be solved by using finer mesh and 
more accurate values for force and Young’s modulus.  

The analytical results are close to probe positions 1-4. In 
Hertzian contact theory the sample should be rigid enough 

(position 1-4) to have only the deformation due to contact but 
in position 5 and 6, the force causes bending as well, which 
cannot be calculated by Hertzian formula. Therefore in the 
middle of the polymer part where the part is hollow, the 
analytical solution is different from experimental result. 

If this probe is used to find the deformation due to other 
phenomena such as temperature or moisture in micrometer 
level, the deformation because of the probe force will be 
considerable. 

The probe has minimum deformation on position 2, where it 
can be used for future measurement of other phenomena. 

Table 1. The length variation for probe force (experimental , analytical 
and numerical) 
Force 
(N) 

Exp. 
(µm) 

Ana. 
(µm) 

Numerical ( 6 positions, µm) 

1 2 3 4 5 6 

0.3 2.5 1.6 1.1 0.6 0.6 0.7 1.9 4.7 

0.7 6.4 2.4 2.0 1.1 1.1 1.2 3.5 8.8 

1.0 10.1 3.1 3.0 1.6 1.7 1.8 5.1 13.0 

1.3 12.3 3.7 3.9 2.1 2.2 2.4 6.8 17.2 

1.7 18.8 4.3 4.9 2.7 2.7 3.0 8.4 21.3 

2.0 22.0 4.8 5.8 3.1 3.2 3.5 10.0 25.2 

2.3 25.5 5.3 6.7 3.7 3.7 4.1 11.6 29.2 

2.6 29.2 5.8 7.7 4.2 4.3 4.7 13.2 33.4 

3.0 31.5 6.3 8.6 4.7 4.8 5.3 14.9 37.4 

3.3 35.6 6.8 9.5 5.2 5.3 5.9 16.5 41.7 

Figure 5. Comparison of the length variation as a function of probe 
force found experimentally, analytically and numerically, respectively. 

6. Conclusion

The conclusion of this study can be summarized as follow: 
1. The deformation of the part has a significant effect on
accurate measurement of polymer parts, from a few
micrometres to 40 µm depending on the probe force.
2. The determination of the measuring conditions and the force
compensation is an essential factor for accurate 
measurements.
3. The finite element analysis can accurately predict the
deformation due to the probe force.
4. The probe force effect can be calculated by Hertzian contact
theory where the part is rigid and the theory’ assumptions are
met.
References 

[1] Küng A, Meli F and Thalmann R 2007 Meas. Sci. Technol. 18 319–
327 

[2] Feng S C,  Vorburger T V, Joung C B,  Dixson R G, Fu J and Ma L 
2008 Scanning 30 47–55

[3] Feng SC, Joung C B,  Vorburger T V, J. Res. Natl. Inst. Stand. 
Technol. 114 201–214 

[4] Popov V L 2010 Contact Mechanics and Friction: Physical principles
and applications (Spronger-Verlag Berlin Heidelberg) pp. 55–70



Defining Allowable Physical Property Variations for High
Accurate Measurements on Polymer Parts

A. Mohammadi, M.R. Sonne, D.G. Madruga, L. De Chiffre and J.H. Hattel

Department of Mechanical Engineering, Technical University of Denmark, Nils Koppels Allé, 2800 Kgs. Lyngby,
Denmark.

Abstract. Measurement conditions and material properties have a significant impact on the dimensions of a part, especially
for polymers parts. Temperature variation causes part deformations that increase the uncertainty of the measurement process.
Current industrial tolerances of a few micrometres demand high accurate measurements in non-controlled ambient. Most of
polymer parts are manufactured by injection moulding and their inspection is carried out after stabilization, around 200 hours.
The overall goal of this work is to reach ±5µm in uncertainty measurements a polymer products which is a challenge in today‘s
production and metrology environments. The residual deformations in polymer products at room temperature after injection
molding are important when micrometer accuracy needs to be achieved. Numerical modelling can give a valuable insight
to what is happening in the polymer during cooling down after injection molding. In order to obtain accurate simulations,
accurate inputs to the model are crucial. In reality however, the material and physical properties will have some variations.
Although these variations may be small, they can act as a source of uncertainty for the measurement. In this paper, we
investigated how big the variation in material and physical properties are allowed in order to reach the 5 µm target on the
uncertainty.

Keywords: Finite Element Analysis, Thermo-mechanical Model, Uncertainty Budgeting
PACS: 46.70.-P

INTRODUCTION

Quality control of a manufactured product is money consuming, and especially when the requirements for accuracy
increase the cost increases as well. Therefore, a procedure to reduce the number of necessary measurements without
losing the accuracy of the products is always appreciated. In the case of polymer products the case is even worse,
since deformations occur at room temperature several days or weeks after production because of creep, shrinkage and
moisture phenomena within the part [1]. In order to tackle these phenomena, more measurements of the product are
needed which is costly and time consuming.

Creep, shrinkage and moisture are very much related to the thermal conditions in the polymer material. Hence, a
numerical model which considers heat transfer and its relation to the dimensions of the object can provide valuable
information for the measurement procedure and lead to a reduced number of measurements.

The simulation is affected by variation in material properties such as heat conductivity, density, specific heat,
thermal expansion coefficient and physical properties, such as temperature and heat transfer to the surrounding air.
This variation should be considered because it is an inseparable part of each experiment. Hess et al tried to improve
the design of thin plate by considering uncertainty in material properties, geometric and load [2]. Urquhart and Brown
considered uncertainty in heat transfer data in their investigation to predict processing condition and reduce the amount
of scrap in polymer parts [3].

In this paper, after a short introduction to the applied theory, a procedure for thermo-mechanical simulations is
defined and verified by experimental result from length variations in an aluminum block. Later, the simulations are
conducted for a polymer part by changing the material to the polymer Acrylic Butadiene Styrene (ABS). Uncertainty
budgeting is investigated for heat conductivity, density, specific heat, thermal expansion coefficient of the ABS
material, initial temperature of the object and heat transfer coefficient to the air. Finally, results and discussion conclude
the paper.
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THEORY

Imagine a specimen that is heated up to a temperature above room temperature. When it is cooled down, the heat flows
from the specimen into the air. In this study, conduction is considered as the main source of heat transfer in the model
with appropriate boundary condition which is driven by convection. Heat conduction equation is

ρcp
∂T
∂ t

= k(
∂ 2T
∂x2 +

∂ 2T
∂y2 +

∂ 2T
∂ z2 ). (1)

Where T is temperature, ρ is density, cp is specific heat, k is thermal conductivity, t is time and x, y, z are space
coordinates in a Cartesian coordinate system.

Newton’s law of cooling is govern by
q
A
=−ha(Ts −T∞). (2)

Where q is heat flux, Ts is the surface temperature of the aluminum block, T∞ is the temperature of air, ha is heat
transfer coefficient from the gauge block surface to the air and A is the surface area. The length variation will be found
from calculations of the thermal strain ε th, as this is the only contribution to the total strain ε tot for these applications

ε
tot = ε

th =
∫ Ts

T∞

αdt (3)

where α is thermal expansion coefficient. In metrology, the uncertainty of measurements is calculated as the addition
of the errors in the length caused by different influence factors such as material properties uncertainty, measuring
conditions variation, heat transfer variation, etc.. Uncertainty of measurements is calculated by uncertainty budgeting
[4] and [5].

x̄ =
∑

N
i=1 xi

N
(4)

usp =

√
1

N(N −1)

N

∑
i=1

(xi − x̄)2 (5)

Where usp is the standard uncertainty of the simulation procedure, xi is the samples value, x̄ is average and N is the
number of samples. Here, this value is the number of simulations with different physical properties.

NUMERICAL MODEL

Verification of the numerical model is conducted by a sequentially coupled thermo-mechanical model of an aluminum
block. The simulation consists of three parts:

1. Heat conduction through the aluminum block
2. Heat transfer through the air (Fig. 1(a))
3. Length variation of the aluminum gauge block(Fig. 1(b))

Two graphs will be obtained, one for the cooling with respect to time (Fig. 1(a)), another one for the length variation
as a function of time (Fig. 1(b)). The length variation was set to zero at time zero. The commercial software ABAQUS
is used for this purpose. In the experimental study the length variation of a block with dimensions of (100 x 35 x 9)mm
is determined when it is cooled down from 25◦C to approximately 20◦C [6]. Hence, the cooling curve (Fig. 1(a) dash
line) and length variation curve (Fig. 1(b) dash line) are available from the experiment. In the modelling it is needed
to estimate the heat transfer coefficient to the air (ha); hence the cooling curves from the experiment and simulation
are compared with each other (Fig. 1(a)). The heat transfer coefficient is obtained based on the minimum root mean
square error between the experimental and simulated temperature curves in Fig. 1(a). For verifying the obtained ha
value, the length variation graphs from experiment and simulation are compared as seen in Fig. 1(b). It is observed
that there is a good correlation between the length variation graphs as well. So it is evaluated that the modelling and
its boundary condition are done correctly.



(a) (b)

FIGURE 1. (a)Comparison of the transient temperature evolution in the center point of the aluminum block from experiment and
simulation (b) Comparison of the length variation as a function of time from experiment and simulation.

TABLE 1. Length variation dependently on variation of material properties and physical parame-
ters of a ABS polymer specimen.

Name symbol dimension value length variation (µm)

Thermal expansion α
e−6
K 67.5 ± 24.5 12.75 ± 1.145

Initial temperature T0
◦C 25 ± 1.4 9.44 ± 0.621

Specific heat cp
J

kgk 1467 ± 291 9.40 ± 0.012

Heat transfer Coef. to the air ha
W

m2K 18 ± 2 9.44 ± 0.003

Thermal conductivity k W
mK 0.18 ± 0.014 9.44 ± 0.001

Density ρ
kg
m3 1070 ± 14 9.44 ± 0.000

UNCERTAINTY BUDGETING

The numerical model is now used for uncertainty budgeting of the length variation on the ABS polymer specimen with
dimensions (32 x 16 x 10)mm. In the simulation ABS is assumed to be isotropic. The material properties are changed
within a limited range obtained from minimum and maximum values found in literature [7] with an upper and lower
tolerance. Then, length variation in both ends of the interval is extracted from the simulation and the uncertainty is
calculated by the Eq. 5. The results are shown in table 1.

CONCLUSION

It is seen from table 1, that the thermal expansion coefficient and initial temperature of the polymer specimen have
higher uncertainty value (1σ level). Hence, these two parameters can influence on the uncertainty measurement of
length more than others which is of course expected because thermal strain is the main source of length variation here.
That means the allowable variation for these two parameters must not to be that much wide for a real experiment. It
is worth to say, for any arbitrary case, measurement uncertainty in design specification with the aid of this kind of
simulation can define allowable variation in material and physical properties to minimize the source of error in high
accurate measurement. However in this simulation, creep, moisture and shrinkage are not considered and they play an
important role of the final shape of a polymer part. Moreover, in industrial cases, the geometry is more complex than in
this study which can limit the allowable range of physical parameters more than in this analysis. Uncertainty budgeting



consideration improves the simulation by taking into account the variation in material and physical properties which
makes simulation closer to the real behaviour of the part. Here, a simple analysis is addressed to verify the procedure of
considering uncertainty in modelling. Evaluating this procedure confirms that we can use this procedure for a complex
model in future.
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A B S T R A C T

In the present work a new method for thermal compensation in dimensional metrology of polymer parts in a
production environment based on 3D thermomechanical simulations is developed. A fixture for measuring the
length dimension of a classical polymer part is placed in a production environment and equipped with sensors in
terms of thermocouples for temperature measurements of the part and the fixture and a contact probe for
measuring the dimension. A 3D thermomechanical model is developed in ABAQUS, emulating the thermoelastic
conditions of the polymer part when placed in the fixture. Knowledge from classical heat transfer and elasticity
theory is then applied to derive a more generic, yet simple expression for the compensation from the transient 3D
temperature and displacement fields, based on dimensionless values, which makes applicable for a wide range of
initial and surrounding conditions found in a production environment. The developed expression is then used for
length compensation on 24 samples measured inline ten minutes after production. The results reveals a sig-
nificant improvement in capturing the transient behavior of the part with a reduced error from 13 μm to 3 μm,
applying the developed formula instead of using more classical 1D standard thermal compensation.

1. Introduction

In modern production facilities typical parts in the range of
1–250mm are produced with tolerances in the micrometer range [1,2]
and for future manufacturing processes such as micro injection
moulding [3] the tolerances could be at the nanometer range [4]. To
deal with such tolerances conventional dimensional metrology uses
expensive equipment, costly temperature controlled facilities, long ac-
climatization times and time consumption during the measurement
procedures in order to satisfy todays ISO standard referring to 20 °C and
0 N (zero forces acting on the part) [5]. However, the growing demands
for quality and flexibility and at the same time production speed
challenge the conventional metrology. Hence, the metrology in pro-
duction engineering should be fast, accurate and robust and should
ideally be integrated inline and thus be in the production environment
[6,7]. Dimensional metrology in a production environment might lead
to higher uncertainties due to the variation in environment conditions,
as also stated in the ISO standard: temperature [8], vibration, probe
forces [9], humidity [10], instrument thermal equilibrium etc. Here the
most influencing condition is the ambient temperature which in a
production environment might be several degrees away from the 20 °C
reference conditions. Furthermore, the parts itself in the production

might be at an elevated temperature due to up-stream manufacturing
processes in the production line. The differences in temperature have an
influence both on the measuring equipment and on the measurand
through the material’s coefficient of thermal expansion (CTE) of which
values for some common materials are stated in Table 1. Temperature
compensation for coordinate measuring machines (CMMs) has been
shown in literature [11,12] and has widely been used in industry in
order to decrease the uncertainty on measurements performed on such
equipment.

Furthermore, numerical models applying the finite difference or
finite element methods for temperature compensation in machine tools
in general have been given in literature [13,14]. The overall outcome
from those studies is that the application of numerical modelling for
compensating the thermal deformations will reduce the positioning
uncertainty significantly. This is very much related to the findings in
the present paper, where the measuring uncertainty can be significantly
decreased by application of numerical simulation tools. For the mea-
surand it is very common to compensate for the temperature in the
dimensional measurements by applying the equation

=L L CTE TΔ · ·Δ (1)

where L is the measured length and ΔT is the difference in temperature
which in this case is the difference between the part’s temperature and
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the reference. Under normal conditions it is reasonable to use this ap-
proach to decrease the uncertainty coming from temperatures. How-
ever, the assumptions behind this equation should be considered
carefully in order not to make the measurements more uncertain than if
not taking this compensation into account. One assumption is that the
measurand behaves as a solid one-dimensional bar in the direction
where it is being measured. For parts with complex geometries this
assumption might not hold. Another assumption is that the temperature
distribution in the part is uniform. This assumption might hold for
measurements after long acclimatization times but at inline measure-
ments significant temperature gradients might exist in the part due to
temperature differences between e. g. a hot manufactured part and a
cold fixture. Under those circumstances Eq. (1) simply does not hold
and would result in considerable errors if being applied. Instead, more
advanced three-dimensional thermomechanical numerical models
should be used for predicting the deformation of the measurand due to
the thermal effects taking the inherent build-up of residual stresses and
warpage into account [15]. Methods and models for performing that
kind of compensation are at present state rarely found in literature,
with only one paper on prediction of shape distortion due to thermal
effects in a polymer composite part based on the finite element method
[16]. However, for inline dimensional metrology heavy 3D

thermomechanical simulation is not feasible since the calculation time
might end up in a couple of hours even on a fast multicore workstation.
Instead, more simple expressions developed on the basis of the ther-
momechanical models would be beneficial and could be implemented
for real time compensation in today’s metrology software. So far,
nothing along those lines has been given in literature, however, several
authors have used what is known as multisensory data fusion in di-
mensional metrology [17], where several sensors are used in a holistic
manner in order to get more accurate measurements. This is very much
correlated to what is known as dynamic length metrology, where sen-
sors also are used in order to compensate for the dynamic changes in a
production environment [18].

The purpose of the present paper is to combine a 3D thermo-
mechanical calculation with information from a set of sensors (di-
mensional contact probe and thermocouples on the fixture and on the
part), for compensating for the length dimension measured on classical
acrylonitrile butadiene styrene (ABS) polymer bricks at the factory floor
just after the parts have been injection moulded and hence are at an
elevated temperature. A number of numerical simulations will be per-
formed with a set of different boundary conditions, and based on this
information a more generic expression for compensating the measured
dimension is developed taking the inherent distortion and warpage of
the complex and dimensionally less stable brick into account in a very
efficient way.

2. Methodology

The basic concept of this method is to combine data from a set of
sensors in a fixture, together with 3-D thermomechanical simulations in
order to construct an overall equation for compensating for the tem-
perature for the particular fixture and measurand (ABS brick) applied in
this specific case.

Table 1
The CTE and Young’s modulus for some common materials.

Material CTE [10−6K−1] Young’s modulus [GPa]

Zerodur 0 91
Carbide 4 450
Invar 1,6 140
Steel 11 200
Aluminium 24 69
ABS 74 1,5
PE 200 0,7
POM 80 2,5

Fig. 1. a) Fixture design consisting of four stations in total. b) Close-up picture of the temperature sensor mounted on the side of the brick. c) Schematic illustration of the setup together
with the placement of the thermocouples and the contact probe and the points at which the transient temperatures are extracted from the thermomechanical model.
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2.1. Measuring setup

The fixture is constructed with components manufactured in Invar.
It consists of four separate stations that allow for simultaneous mea-
surements of four bricks, see Fig. 1a. The stations are equipped with
Marposs Red Crown 2 soft touch inductive probes and Omega K-type
temperature probes for measuring the fixture and brick temperature
(see Fig. 1b for a close-up picture of a temperature probe mounted on
the side of a brick). The acquisition system consists of a Marposs
Easybox U4T for the inductive probes and an Easybox U4TP for the
thermocouples. The OQIS Procella from QDAS is used for the data
collection. Specifications on the overall system are given in Table 2. The
placement of thermocouples and the position of the contact probe are
shown in Fig. 1c.

An uncertainty analysis [19] for this setup was performed, and
showed to have a repeatability of 0.53 μm and a reproducibility of
1.26 μm resulting in a fixture uncertainty (k= 1) of 1.37 μm. The
thermal stability of the fixture has been verified with a calibrated re-
ference artifact (gauge block) made of Invar with an uncertainty of
0.25 μm. The reproducibility was estimated by five times five (25 in
total) measurements performed by three different operators. Periodic
checks have been performed before and after measuring the polymer
parts.

It should be noticed that the temperature is measured at the surface,
meaning that this temperature does not represent the bulk average
temperature of the polymer part. This is taken into account in the
thermal analyses of the present work, where the measured temperature
is represented at the boundary of the discretized part geometry.
Furthermore, the thermal contact between thermocouple and brick
surface might not be perfect, which could add an extra error on top of
the accuracy of the sensor itself.

A typical result in terms of measurements is shown in Fig. 2. Here,
jumps in measured temperature and length are clearly observed and is a
result of the resolution of the acquisition box. These results will be used
as basis for developing the compensation methodology in the following.

2.2. Classical 1D thermoelastic compensation

In order to highlight the benefits of the proposed methodology in
the present work, the results coming from the developed generic ex-
pression will be compared with temperature compensation performed
the classical way by application of Eq. (1). The transient change in
length is calculated as a result of the difference between the measured
temperature and the reference temperature, see Fig. 3. Firstly, it should

be noted that the compensation curve shows exactly the same behavior
as the measured temperature curve because of its calculation from Eq.
(1).

Furthermore, it is observed that this simple compensation is not able
to capture the transient behavior of the brick. This is because the brick
is not cooling uniformly when mounted in the fixture which results in a
discrepancy between the transient temperature and displacement, as
also mentioned in the introduction of this paper. Instead, the thermo-
elastic behavior of the brick should be described numerically by means
of 3D thermomechanical calculations as described in the next section.

2.3. 3D thermomechanical model

The purpose of the numerical model is on basis of the simulta-
neously measured quantities affecting dimensions of the part over time
to predict the dimensions of the part at any point, time and at reference
conditions.

In this particular case the temperature at the center of the brick and
the length (see Fig. 1b) are measured simultaneously over 10min. The
model has to solve for two different field quantities: the transient
temperature field and the transient displacement field. The simulation
is performed sequentially, such that the temperature field is solved in a
separate model, and temperatures from this model are subsequently
transferred to a mechanical model, where they are the driving force for
the thermal strains leading to the overall displacement field.

2.3.1. Thermal model
The thermal model serves two different purposes. First of all, it

should be able to reconstruct the overall temperature field based on the

Table 2
Specification of the equipment.

Marposs Red Crown 2 soft touch

Range (mm) ±1
Repeatability (μm) 0,15
Accuracy (μm) ±MAX(1+|2× reading in mm|; |7× reading in mm|)
Thermal drift (μm/°C) 0,25

Thermocouples type K by Omega

Accuracy (°C) ± 0,2

EasyBox U4TP-K

Sample rate max. 40 samples/s
Accuracy (°C) 0,6 + 0,2% (Tmeas.-T amb.)

EasyBox U4T

Sample rate max. 40 samples/s
Resolution (μm) 0,1

Fig. 2. Results from the measurements of a polymer brick with an initial temperature of
32.8 °C.

Fig. 3. Calculated transient compensation in the classical way by application of Eq. (1).
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measured temperature in the specific point of the part. Secondly, it
should be able to predict the transient temperature evolution in the part
based on the surrounding conditions (in this case only the surrounding
temperatures).

The basic field equation that has to be solved is the standard heat
conduction equation by Fourier

=ρc T kT˙ ( )p i i, , (2)

where ρ is the density, cp is the specific heat capacity and k is the
thermal conductivity. This is solved via the finite element method and
results in the transient temperature field in discretized points (nodes) in
the body of the part. The influence from the surroundings is in this case
modelled via Newton’s law of cooling, which is applied as boundary
condition on the surface

= −∞
q
A

h T T( )b (3)

where q is the surface heat flux, A is the surface area, Tb is the surface
temperature of the brick, T∞ is the ambient temperature and h is the
heat transfer coefficient (HTC). Hence, the way the effect from the
surroundings is applied in the thermal model is via the ambient tem-
perature as well as the heat transfer coefficient either to the fixture or to
the surrounding air, which is dependent on the free convection around
the part. It is very important to notice, that many different solutions to
this problem exist, depending on how the boundary conditions are
prescribed. It is therefore very important to consider where the tem-
peratures should be measured over time on the measurand, in order to
accurately reconstruct the temperature field in the finite element
model. This of course also gives rise to an uncertainty related to the
simulated length. Here it is important to notice that even small varia-
tions in air flow around the brick might significantly change the free
convective HTC. In an early paper on the Chill factor, Osczevski [20]
deducted experiments coupling the air flow velocity to the heat transfer
coefficient, and presented the standard empirical equation for the HTC
value of a cylinder in a cross flow of air

= ⎛
⎝

⎞
⎠

h V
v

k
D

0.23c

0.6

0.4 (4)

where V is the wind speed, v is the kinematic viscosity of air, k is the
thermal conductivity of air and D is the diameter of the cylinder. From
this equation it is observed that the convective HTC is inversely pro-
portional to the diameter to the power of 0.4 indicating that the air flow
has a larger effect on the HTC for small cylinders than for large cylin-
ders. This can be directly interpreted to the present case of small
polymer bricks, where the HTC will vary significantly even at small
wind speeds. Baldwin and Maynard [21] performed a large survey of
wind speeds in different indoor workplaces (including production en-
vironments), and found that a mean of 0.3 m/s governed approximately
85% of all the measurements. Having an interval of wind speeds be-
tween 0.1 and 0.5m/s and using a representative diameter of 0.03m as
the characteristic length of the polymer brick, Eq. (4) would result in
HTC values between approximately 6 and 12W/m2K with the proper-
ties of dry air at a temperature of 20 °C [20]. However, this doubling of
the convective HTC would not reflect itself directly in large differences
in the transient thermal behavior of the polymer brick. In a previous
study [22] variations in thermal and mechanical response as a result of
variations in the convective HTC for simulations of the exact same
polymer brick as for the present case, was investigated. Here it was
found that variations of the HTC by±2W/m2K resulted in insignif-
icant variations in the simulated length. The reason for this small de-
pendence is that the thermal behavior of the present setup is mainly
driven by heat transfer to the Invar fixture, which will be further in-
vestigated later in the present work. Therefore, the reversely calculated
HTC value based on comparison between simulated on measured
temperatures is not that critical for the uncertainty related to the
modelling results in the present case. However, for the overall concept

in general it is very important to consider how the variations in air flow
might influence the cooling pattern of the specific part.

In Fig. 7, the temperature predicted by the finite element model in
ABAQUS is compared with the measured temperature at the centre
point of the brick (see Fig. 1b) for the first 10min (600 s). With the very
good agreement between model and experiment, the transient tem-
perature field can be transferred to the subsequent mechanical model.

2.3.2. Mechanical model
The purpose of the mechanical model is on basis of the transient

temperature distribution found in the thermal model, to predict the
length of the brick at any temperature and time (and hence also in the
reference conditions).

The basic field equations that have to be solved are the three static
equilibrium equations

+ =σ p 0ij i j, (5)

where pj is the body force at any point within the plate and σij is the
stress tensor. Hooke’s law and linear decomposition of the strain tensor
as well as small strain theory are applied together with the expression
for the thermal strain
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where εij is the strain tensor, δij is the Kronecker tensor, Cijkl is the
elastic stiffness 4th order tensor, E is the Young’s modulus, υ is the
Poisson’s ratio, α is the coefficient of thermal expansion and ui is the
displacement vector. These equations should be solved together with a
set of proper boundary conditions, making the equation system stati-
cally determined. The equations are solved via the finite element
method which returns a solution of the three displacements at every
node in the discretized geometry of the part.

The length between the two reference points (see Fig. 1b) can then
directly be extracted from the simulation results. Those results are
shown and compared in Fig. 7.

2.4. Derivation of the expression for real time length compensation

The derivation of the expression from the 3D thermomechanical
model is based on knowledge from classical heat conduction theory.
Since the cooling pattern of the brick mounted in the fixture to a large
extend is one dimensional with the dominating thermal gradient in the
direction of the fixture i.e. in the “height direction of the brick (see
Fig. 4 and Fig. 1b), the basic principles behind classical one dimensional
solutions are considered.

The heat conduction equation Eq. (2) reduces with constant mate-
rial properties in 1-D to

∂
∂

= ∂
∂

T
t

α T
xT
2

2 (7)

where ɑT= k/ρcp is the thermal diffusivity. A classical solution to this
partial differential equation comes from considering a semi-infinite
solid with fixed surface temperature, which means that Eq. (7) sub-
jected to the boundary conditions T(0,t)= Ts, T(∞,t)= Ti and the in-
itial condition T(x,0)= Ti may be solved by Laplace transformation to
yield the solution

⎜ ⎟= −
−

= ⎛
⎝

⎞
⎠

θ T x t T
T T

erf x
α t

( , )
4

s

i s T (8)
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where erf() is the Gaussian error function.
Expressing the temperature for the present case in a similar manner

on dimensionless form makes it versatile since it holds a wide range of
solutions with respect to the choice of initial and surrounding tem-
peratures. A similar dependence should be extracted from the 3D
thermomechanical model. Eight simulations with different starting
temperatures, fixture temperatures and heat transfer coefficients re-
sembling the thermal contact to the fixture were therefore performed in
order to derive the dimensionless form analogous to the analytical so-
lution presented in Eq. (8), see Table 3.

The simulations were performed in ABAQUS with the brick meshed
with eight node hexagonal elements with an approximate side length of
300 μm. For the thermal calculation the boundary conditions were
prescribed via a HTC value for the surrounding air of 10W/m2K and the
values given in Table 2 for the HTC to the fixture in the bottom of the
brick. The basic thermal properties of the ABS material were chosen to
be k=0.2W/mK, ρ=1000 kg/m3 and cp=1000 J/Kg K, which are in
accordance with the values found in literature from a previous study
[22]. The ambient temperature was prescribed to be the fixture tem-
perature in Table 2. The temperature from the simulations were re-
ported in 11 specific nodes from bottom to top along the sidewall of the
brick (as indicated in Fig. 1b), see Fig. 5a. Those curves were then
converted into dimensionless form by using the knowledge from the 1-D
solution.

= −
−

θ T x t T
T T

( , ) s

i s (9)

The change in HTC from 500 to 1000W/m2K between brick and
fixture did not show any significant effect on the transient temperature
which to some extend was expected since the thermal conductivity of
the brick is very low which means that the values of HTC in the range of
500–1000W/m2K corresponds to almost perfect thermal contact.
Therefore all eight simulations could be represented by the curves
plotted in Fig. 5b. This was a very beneficial finding, since it shows that
the results can be non-dimensionalized and hold information of a wide
range of initial and boundary conditions.

In a similar manner, the resulting displacement from the mechanical
analysis in terms of the change in dimension of the brick between two
reference points should be non-dimensionalized, which after some
consideration was found to be accomplished via the following equation

=
− −

−
δ

L t CTE L T T
CTE L T T

Δ ( ) · ·( )
· ·( )

i ref

s i (10)

The expression of this dimensionless change in length resembles
very much the philosophy behind the dimensionless temperature. In the
very beginning of the measurement, the uniform temperature dis-
tribution results in a difference in length corresponding to the differ-
ence between the reference and the initial temperature. In the same
manner, when the temperature of the brick is equal to the fixture
temperature Ts, the difference lies in the difference between the fixture
and the reference temperature. In Fig. 6a the extracted change in length
for the eight different simulations are shown. It is observed that the
resulting changes in length are either positive or negative as a result of
the signed difference between the stationary temperature and the re-
ference temperature. The dimensionless form of those curves are shown
in Fig. 6b.

Here, it is observed that the eight curves end up in one single di-
mensionless curve, holding all the information from the eight simula-
tions. This characteristic was to some extend expected since what is
solved in ABAQUS is in essence a linear thermoelastic problem.

The two dimensionless quantities can then be combined such that
the dimensionless change in length is plotted as a function of the di-
mensionless temperature, see Fig. 7a. Each curve on this figure then
corresponds to a correlation between temperature and displacement for
a temperature extracted at a specific point on the sidewall of the brick,
see Fig. 1b. The somewhat resemblance with a straight line for
x= 1mm would to some extend correspond to Eq. (1) since the tran-
sient temperature and the transient displacement at the same x – co-
ordinate is close to behaving like in 1D. For measurements of the
temperature at other positions on the brick more complex relationships
between the transient temperature and displacement should be used in
order to accurately compensate for the transient change in length.

One of these curves corresponds to the measurement at x= 5mm
which is where the transient temperature of the brick is measured in the
fixture. This curve gives the relation between temperature and change
in length and should be used for compensating the measured length.
Therefore, this curve is fitted with the following exponential expression
(which was found to give the best fit) as shown in Fig. 7b

= +δ ae cefit
bθ dθ (11)

with the coefficients [a=1.011, b=−0.012, c=−0.558,
d=−8.860]. This expression will henceforth be termed the ‘adjusted
1D formula’. It should be noted that this expression is derived on the
basis of classical heat transfer theory, with the general idea of having
the temperature described in dimensionless terms (see Eq. (9)). From
standard 1-D theory, this relationship is on the right-hand side typically
described by an error function (erf) or exponential function (see e.g. Eq.
(8)), which to some extend could explain the double exponential ex-
pression derived from the numerical simulations with the polymer brick
and the Invar fixture having different transient behavior. However, it
should be noted that the right-hand side of Eq. (11) is simply just a best
fit to the results of the eight 3D FE calculations made and cannot be
used as a physical interpretation of the system. In Fig. 8, the transient
prediction from this adjusted 1D formula is compared with the mea-
sured transient behavior and the results from the 3-D thermo-
mechanical simulation as described in Section 2.3.

It is observed how the transient behavior as a result of the adjusted
1D formula follows the measurement with very good agreement, and
much better captures the thermoelastic behavior of the brick compared
to the 1D classical compensation shown in Fig. 3.

Fig. 4. Schematic illustration of the overall methodology applied in this work together
with contour plots of the temperature and displacement field obtained from the 3D
thermomechanical model.

Table 3
Boundary and initial conditions applied in the eight different simulations.

Simulation
number

Fixture temperature
[°C]

Initial temperature
[°C]

HTC fixture
[W/m2K]

1 15 30 500
2 25 30 500
3 15 40 500
4 25 40 500
5 15 30 1000
6 25 30 1000
7 15 40 1000
8 25 40 1000
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3. Application

Measurements are now performed at a factory floor without tem-
perature control. The bricks are picked up at the end of the conveyor
belt just after injection moulding, mounted in the fixture and measured
while they are still cooling down. The developed expression is used to
compensate for the changes in temperatures in the fixture (due to the
fluctuating ambient temperature) and in the brick, respectively. The
bricks are ejected from the injection moulding machine at a tempera-
ture of around 80 °C, and within a time of 5–10min they have a tem-
perature of 23–34 °C when they are measured in the fixture. This large
difference in initial conditions demonstrates the benefits of the adjusted
1D formula on dimensionless form, which is exactly able to take this
difference in initial conditions into account. In total 24 bricks are
measured. The total uncertainty of the predicted lengths is found as the
combined uncertainty of the fixture and the applied models. The model
uncertainties for both the adjusted 1D formula and the classical 1D

compensation are calculated as the standard deviation between the
measured and predicted transient deformations (see Figs. 9 and 10).

4. Results

Fig. 9a shows the compensated length of a brick with an initial
temperature of 23 °C, which is the lowest observed initial temperature
of the 24 measured bricks. For that measurement it is observed that the
temperature compensation with the adjusted 1D formula is very iden-
tical to the 1D classical method (Eq. (1)), which makes sense since the
very low temperature elevation also means a very uniform (close to
ambient) temperature and hence also a uniform displacement field. In
the other extreme Fig. 9b shows the results for a brick with an initial
temperature of 34 °C. Here it is observed that the adjusted 1D formula
makes the recorded length of the brick stable within 1 μm, whereas the
classical 1D compensation at the high initial temperature shows a huge
deviation the first 250 s of the measurement as a results of a very non-

Fig. 5. Transient temperature extracted from the thermomechanical model in 11 distinct points in the x-direction of the brick with x= 0 being subjected to the HTC value for the cooling
to the fixture. a) Results from simulation number 1, b) The dimension less form of the same data.

Fig. 6. a) The transient change in length extracted from the eight simulations between the two nodes corresponding to the measured dimension in the fixture (see Fig. 1b). b) the extracted
transient change in length converted to a dimensionless value (all eight curves are on top of each other).

Fig. 7. The dimensionless change in length as a function of the dimensionless temperature. a) containing all the information obtained from the eight simulations. b) The relationship at
x= 5mm corresponding to the position of the temperature sensor on the fixture, fitted with the analytical expression used for length compensation in the metrology software.
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uniform temperature distribution within the brick.
For all the measured bricks the residual i.e. the difference between

the measured and predicted transient behavior is calculated based on
the adjusted 1D formula and the classical 1D compensation Eq. (1),
respectively, see Fig. 10.

Here, the benefits of the developed approach is clearly illustrated,
with a maximum deviation from the adjusted 1D formula of around
3 μm and a maximum deviation from the 1D classical compensation of
around 13 μm. The error is largest in the beginning of the measure-
ments which could be explained by the large thermal gradients present
initially within the part and as the temperature field becomes more and
more uniform, the two solutions approach each other. This naturally
leads to the question on the relevance of the proposed method, because
the 1D classical method serves a good job if the measurement are just
performed 300 s later than what was done in this particular case.

However, the chosen case is just a demonstration of the method in
general, and for more complex or larger parts, the acclimatization time
(until a uniform temperature in the part is reached) might take so long
time that it will not be able to reach that state at the production line.

5. Conclusion

A new method for thermal compensation in dimensional metrology
of polymer parts in a production environment based on 3D thermo-
mechanical simulations has been developed. A fixture for measuring the
length dimension of a classical polymer part was placed in a production
environment, equipped with thermocouples for temperature measure-
ments of the part and the fixture. A 3D thermomechanical model was
developed in ABAQUS, emulating the thermoelastic conditions of the
polymer part when placed in the fixture. Knowledge from classical heat
transfer theory was then used to derive a more generic expression for
the compensation from the transient 3D temperature and displacement
fields, based on dimensionless values, which made this formula able to
work in a wide range of initial and surrounding conditions as is the case
in a production environment. The developed adjusted 1D formula was
then used for length compensation on 24 samples measured inline ten
minutes after production. The results revealed a significant improve-
ment in capturing the transient behavior of the polymer brick with a
reduced error from 13 μm to 3 μm, applying the developed formula
instead of using the more classical 1D standard thermal compensation.
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Abstract 
Today, dimensional validation of polymer parts with micrometer level accuracy is performed long time 
after production because the part needs time to “settle” (which for some polymer materials takes weeks). 
However, manufacturing industry requires the measurements to be performed before part stabilization, 
to reduce the waiting time for quality control without compromising the level of accuracy. This work 
proposes an analytical solution for predicting the reference length of a classical 32 mm polymer part with 
an uncertainty of less than ±10 μm when measured at non-reference conditions. Creep, moisture uptake 
and temperature are here the main issues to consider for polymer parts. The unknown parameters 
describing the moisture uptake and creep are separately obtained by experimental studies combined with 
numerical simulations. Finally, the obtained analytical solution is used to predict the reference length of 
stabilized and non-stabilized polymer parts measured continuously over two months. The prediction 
shows good agreement with the reference values for settled parts at reference conditions.  

Keywords: Metrology for polymers; product validation; moisture uptake; creep phenomena; 

1 Introduction 
Modern manufacturing technologies involve manufacturing of polymer parts with dimensional 
tolerances of a few micrometers, and this is also the case in the production of critical components for 
industries such as automotive, toys, aerospace, medical, etc. The polymer industry is constantly facing 
cost-effectiveness requirements, which call for more effective process control. However, it is critical to 
come up with innovative ways of integrating high accuracy in the quality inspection right after 
production. Such quality inspection provides feedback for potential adjustment of the manufacturing 
process parameters if a product starts to deviate from the prescribed tolerances. Hence, moving the 
quality control from the metrology lab as close to the production line as possible allows for a reduction 
in scrapped parts and hence improves the return from the production.  

1 

APPENDIX E - PAPER V

mailto:almoha@mek.dtu.dk


A substantial effort has been carried out recently to optimize the injection moulding process to achieve 
tighter industrial tolerances. The optimization is performed by correlating quality control criteria to 
process parameters [3]. Chen and Turg [4] adjusted the holding pressure by measurement of the final 
product weight and configured an automated quality inspection and tuning proces. Lopez et al. [5] 
investigated the effect of packing time, packing pressure and injection temperature on the weight of a 
moulded polymer part. Manaf and Yan [6] used an observation system to find surface defects for 
optimizing the pressing force and moulding temperature. Vagelatos et al. [7] optimized an injection 
moulding process by monitoring defects in  products. Sasaki [8] investigated the effect of ejection force 
on surface roughness. Coates and Speight [9] showed the dependency of hydraulic pressure and melt 
pressure to the weight of polymer parts. However, dimension is the most widely used quality control 
variable in process optimization. Here, shrinkage taken in a general sense plays a major role. There are 
three types of shrinkage occurring in injection molded polymer parts 1) In-mould (solidification inside 
the mould) 2) as-mould (right after mold opening) 3) post-mould (residual stress) [10]. The effect of in-
mould and as-mould shrinkage on final dimension has been investigated in literature by correlating 
measured dimensions to different process parameters such as mold deformation and friction between 
polymer surfaces [11], holding pressure and injection velocity [12], die gap [13], mould temperature and 
holding pressure [14] as well as pressure decay during the molding cycle [15].  

Another very influencing factor on dimensions of a polymer part is moisture uptake. The moisture from 
the ambient humid air diffuses into the polymer structure. The water molecules have two different states 
in the polymer material: “Free” and “Bounded”. “Free” or “unbound” is the state when the water 
molecules are placed in the voids and nonporous part of the polymer material. “Bounded” molecules 
make chemical bonds with hydrogen in the polymer chains[20][21][22]. The “bounded” state can change 
the mechanical properties such as elastic modulus, shear strength, flexural modulus, fracture toughness, 
yeild stress, coefficient of thermal expansion, glass transition temperature and viscoelastic behavior 
[20][23][24][25] of the polymer part. Moisture causes swelling which is quantified by the Coefficient of 
Hygroscopic Swelling (CHS) or Moisture Expansion Coefficient (CME). Ma et al. [26] measured the 
CME value for an epoxy moulding compound at three different temperatures and different relative 
humidities. They found that the CME is constant for different relative humidities but it is linearly 
increasing with temperature. Park et al. [27] measured the CME for temperatures between 25˚C and 
180˚C. They found that the CME is highly dependent on temperature especially at higher temperature 
ranges such as 100ºC - 180ºC. 

This short literature review shows that optimization of the injection molding process depends on the 
method of quality inspection. However, there is a lack of quality control methods which include the effect 
of shrinkage as well as measurement conditions (temperature, moisture and probe force) for dimensional 
measurements and this is necessary for a modern quality inspection. This is addressed in the present 
work, where the dimensions at reference conditions of polymer parts are predicted before stabilization. 
A coupled 3D hygro-mechanical model is applied to simulate the deformation path of a polymer part as 
a result of moisture and post-mould shrinkage (which from now on will be attributed viscoelastic creep 
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as a result of the residual stress field in the injection moulded part). The simulation outcome is simplified 
to a more practical 1-D equation which can be used directly to predict the dimension at reference state 
based on the measured quantities without the need to perform heavy 3-D finite element (FE) calculations. 
The different influencing effects are characterized with the help from experiments, which then are used 
to back out the material properties entering the numerical model and analytical solutions.  An overall 
uncertainty is estimated based on all the influencing factors. Finally, a validation of the prediction against 
reference measurements is presented. 

2 Methodology 

2.1 Calculation of the reference length 
As mentioned in the introduction, the dimensions of a moulded part decreases slowly after injection 
moulding due to creep effects, with fluctuations due to the influence of temperature and moisture as 
shown schematically in Fig. 1. The length is measured after the part has been ejected from the injection 
moulding machine, as indicated by the time t1 in Fig. 1 (the 1-D point to point dimension of a part will 
from now on be denoted “length” and will be the only measure used in the present work).  

Fig. 1: Schematic of dimensional variation of a polymer part after injection moulding 

Several days or weeks after (at time t2), the polymer part has settled; no more creep or moisture will 
affect the length of the part (if the relative humidity is constant). At this point in time conventional 
metrology can be performed in a temperature and moisture controlled environment in order to check if 
the part meets the specified tolerances. It is the length at this particular point in time that the obtained 
prediction algorithm should be able to calculate, based on the measurements performed at time t1.  

Creep is an intrinsic phenomenon of injection moulding and its effect on dimension decays gradually 
over time. The injection moulding process produces parts with a very low initial moisture content. Hence, 
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the part first undergoes a transient phase where it absorbs moisture and expands to the point where it is 
in equilibrium with the ambient relative humidity.  

The length of the polymer part at the reference state (20˚C, 50%RH), lreference, is obtained by a traditional 
measurement of the length, treating the effect of moisture and creep as systematic errors. The reference 
length is thus obtained by 

𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑙𝑙𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚 − 𝛿𝛿𝑙𝑙𝑟𝑟ℎ − 𝛿𝛿𝑙𝑙𝑟𝑟𝑟𝑟  (1) 

where lmeasured is the length of polymer part measured after production at time t1, δlrh is the length variation 
due to moisture uptake and δlcr is the length variation due to creep. The different influencing factors can 
of course only be treated as systematic errors, once their physical nature is properly described to a point 
of accuracy required for the prediction. The present work is based on the following assumptions: 

• The post moulding measurements at time t1 are performed some minutes after ejection, to ensure
temperature acclimatization. Thus, the temperature in the part can be considered equal to the
ambient one and uniformly distributed. This was measured in a previous small experiment which
showed a maximum temperature difference of 0.2˚C measured in multiple locations on the
workpiece. The dimensional changes due to a difference in temperature will not be investigated
in this work.

• The Coefficient of Moisture Expansion (CME) is obtained by experiments. At room temperature
(20 – 35˚C) it is assumed that the diffusivity is independent of temperature [19].

• The time dependent dimensional instabilities due to shrinkage of the polymer parts are considered
to be described as creep phenomena and will therefore be represented by a viscoelastic
constitutive model resembling the rheological behavior of the polymer material.

In the present work, commercial ABS (Acrylonitrile Butadiene Styrene) parts with a hollow prismatic 
shape and nominal dimensions of 32×16×12 mm are considered, see Fig. 2. The measurand is the length 
measured between two points as indicated in Fig. 2.  
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Fig. 2: The ABS part and measurand considered in the present work. 

The length variation caused by moisture uptake and creep has been studied as explained in the following 
sections. 

2.2 The effect of moisture uptake  
The moisture uptake is a diffusion driven problem, which can be described by Fick’s second law 

𝜕𝜕𝑟𝑟
𝜕𝜕𝜕𝜕

= 𝐷𝐷 �𝜕𝜕
2𝑟𝑟

𝜕𝜕𝑥𝑥2
+ 𝜕𝜕2𝑟𝑟

𝜕𝜕𝑦𝑦2
+ 𝜕𝜕2𝑟𝑟

𝜕𝜕𝑧𝑧2
�            (2) 

where c [kg/m3] is the concentration of moisture, D [m2/s] is the diffusion coefficient (which in this 
case is assumed to be independent of concentration) and (x, y, z) are the spatial Cartesian coordinates. 
This equation is in direct analogy with the transient heat conduction equation, where c would be the 
temperature and D would be the thermal diffusivity. Here, it is important to notice that the diffusion 
coefficient in relation to moisture uptake in polymers is approximately six orders of magnitudes lower 
than the thermal diffusivity for the same material, meaning that the moisture diffusion is a much slower 
process. Because of that, concentration gradients within a polymer part being out of hygroscopic 
equilibrium might result in internal stresses which in turn might reflect themselves in non-uniform 
deformations (warpage).  

The moisture content in the part will over time reach equilibrium with the ambient relative humidity 
(RH) which in its simplest form can be described via the water solubility s of the specific material 

c𝑚𝑚𝑚𝑚𝜕𝜕 = 𝑠𝑠𝑠𝑠𝑠𝑠(%) (3) 

where csat denotes the saturated equilibrium concentration. The value for the water solubility has to be 
found experimentally. 

Two different experiments are performed in a climatic chamber, where the surrounding environment of 
the polymer part in terms of temperature and relative humidity can be precisely controlled.  

The first experiment is performed in order to uncover the saturation time (the time it takes for the part to 
come in equilibrium with the surrounding relative humidity) which then further can be used for 
comparison with the hygroscopic model in order to obtain the diffusion coefficient of the ABS material. 
Five stabilized parts (without any more creep) are dried out in a machine normally used for drying the 
raw granulate for seven hours at 80oC. The weight of the parts is then measured with a resolution of 0.1 
mg at 20oC in order to determine their dry conditions. The parts are subsequently placed in the climatic 
chamber with the prescribed conditions of 20 ˚C and 50%RH as seen in Fig. 3. 
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Fig. 3: Polymer parts placed in the climatic chamber 

Here, the weight of the polymer parts is measured in time steps until a change is no longer observed, 
meaning that equilibrium with the defined relative humidity is reached. The moisture content, is then 
calculated as  

𝑐𝑐 =  �𝑊𝑊𝑚𝑚−𝑊𝑊𝑑𝑑
𝑊𝑊𝑑𝑑

� 𝜌𝜌 (4) 

where Wm is the weight of the ABS part during moisture uptake, Wd is the weight of the dry part and ρ is 
the density of the ABS polymer (ρ = 1060 kg/m3). The standard deviation of the measured concentration 
was found to be ±0.09 kg/m3. 

The second part of the investigation is used for two different purposes; i) to extract the water solubility s 
and ii) to back out the CME value. Two polymer parts are initially measured (length and weight) in dry 
conditions. They are then placed in the climatic chamber at two different conditions: 20˚C and 50%RH 
and 20˚C and 70%RH for 48 hours. At this point the lengths and weights are again measured. 

The experimental observations are further evaluated by comparison with numerical hygro-mechanical 
simulations performed in ABAQUS in essence solving eq. (2) and using the found concentration field as 
input for a subsequent mechanical analysis in which the static equilibrium equations are solved, i.e.: 

𝜎𝜎𝑖𝑖𝑖𝑖,𝑖𝑖 = 0 

With proper constitutive relations (here, Hooke’s generalized law). In Fig. 4a, a typical contour plot of 
the concentration field found from the hygro-mechanical model, is shown. In Fig. 4b, the moisture 
content as a function of time found from the numerical model is compared with the experimentally 
obtained values. Good agreement between experimental findings and modeling results indicates that the 
physical phenomenon follows  Fickian behavior. The diffusion coefficient found from adjusting the value 
in the 3D hygro-mechanical model is found to be D = 2e-11 m2/s. 
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 a) b) 

Fig. 4: a) Plot of the concentration field obtained from the numerical model. b) Average moisture content of five samples 
during 48 hours at 20˚C and 50%RH. 

Furthermore, it is observed that equilibrium is obtained after around 24 hours. 

The equilibrium moisture content versus relative humidity is plotted in Fig. 5a. A linear fit to the 
experimental results is then used to back out the saturated water content, which is found to be s = 4.6 
kg/m3.  

a) b) 

Fig. 5: a) Moisture content versus relative humidity, b) the length variation as a function of the equilibrium moisture content 
multiplied by the nominal length of the polymer part. 

The results in terms of the change in length as a function of the equilibrium moisture content multiplied 
by the nominal length of the part is shown in Fig. 5b. Here, a linear tendency is observed, indicating that 
the behavior can be described by a simple 1-D equation. Thus, the CME value [m3/kg] is found to be 

𝛽𝛽 = 13 ∙ 10−5 ± 4 ∙ 10−5 

0 10 20 30 40 50

Time [h]

0

0.5

1

1.5

2

2.5

c 
[k

g/
m

3
]

Experimental results
Simulation

0 20 40 60 80

RH (%)

0

1

2

3

4

c sa
t

rh
 [k

g/
m

3
]

Experimental results
Simulation

0 0.02 0.04 0.06 0.08 0.1 0.12

L c
sat

rh
 [kg/m

2
]

0

5

10

15

L
 [

m
]

Experimental results
Simulation

7 



Since the moisture induced deformation is found to be linearly proportional to the moisture concentration, 
the length variation due to moisture is obtained by considering the equilibrium moisture content at 
50 %RH as the reference condition   

𝛿𝛿𝑙𝑙𝑟𝑟ℎ = 𝐿𝐿 𝛽𝛽 �𝑐𝑐𝑚𝑚𝑚𝑚𝜕𝜕𝑟𝑟ℎ − 𝑐𝑐𝑚𝑚𝑚𝑚𝜕𝜕50%�          (5) 

where 𝑐𝑐𝑚𝑚𝑚𝑚𝜕𝜕50% is obtained by eq. (3) at 50 %RH. This is of course only true if the part is measured in 
conditions where the concentration field is uniform. However, since it assumed that a part will be 
measured directly after injection moulding it is reasonable to assume that the moisture content is very 
low and uniformly distributed within the polymer part. 

 

2.3 The effect of creep 
Rapid and non-uniform cooling of the melt during solidification in injection moulding causes residual 
stresses in the solidified part [58]. At ambient temperature polymers present a viscoelastic behavior and 
as a consequence the residual stresses from the production causes relaxation which in turn results in 
deformations over time. Viscoelastic polymeric materials have both elastic and viscous properties. When 
a load is applied to such materials some part of the energy is dissipated by viscous forces and the rest is 
stored elastically. The dissipation is not infinitely slow neither instantaneous; thus it is a rate dependent 
process [59]. Rheological models for describing viscoelastic materials have been widely given in 
literature [59][60]. In those models combinations of Hookean springs representing the elastic properties 
and Newtonian dashpots representing the viscous properties are used to construct suitable constitutive 
behaviors. In this study, the Kelvin-Voight constitutive model consisting of the parallel configuration of 
a spring and a dashpot, see Fig. 6, is used for modelling the viscoelastic behavior of ABS [31]. 

 

Fig. 6: Rheological representation of the Kelvin-Voigt constitutive model. 

For the Kelvin-Voigt model the well-known 1-D constitutive relation becomes 

𝜎𝜎 = 𝐸𝐸𝐸𝐸 + 𝜂𝜂 𝑚𝑚𝑑𝑑
𝑚𝑚𝜕𝜕

           (6) 

where σ is stress, E is Young’s modulus, ε is strain and η is the Newtonian viscosity. For this 1-D 
constitutive relation, depending on the boundary conditions, different analytical solutions can be derived. 

η

σ

E
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For the case of an instantaneously applied stress with the magnitude σ0 the strain as a function of time 
can be found by integrating eq. (6) 

𝐸𝐸(𝑡𝑡) = 𝜎𝜎0
𝐸𝐸
�1 − 𝑒𝑒−

𝑡𝑡
𝜏𝜏� (7) 

where τ = η/E is the characteristic time. 

The length variations of four polymer parts have been measured over a time period from 30 minutes to 
60 days after injection moulding in order to quantify and characterize the creep deformations within the 
specific ABS parts. The measurements were performed on a fixture as shown in Fig. 7. The ambient 
humidity and temperature were recorded but not controlled during those measurements.  

Fig. 7: Measurement fixture used for characterizing the creep behavior (post-moulding) of the parts from 30 minutes to 60 days after 
injection moulding. 

Once the data has been collected, the length is compensated for variations due to temperature and 
moisture such that only the effect of creep is remaining, see Fig. 8a.  
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a) b) 

Fig. 8: a) Part dimension before and after temperature and moisture compensation. b) Comparison of measured and simulated decrease of 
length over time. 

The length variation due to creep only is plotted in Fig. 8b for the four measured parts. The mathematical 
expression for the length variation due to the creep for the specific component under investigation is 
obtained from the regression of the average length variation of the 4 parts. The length variation due to 
the creep is then found by integrating eq. (7) over the length of the part, which with the values from the 
regression becomes 

𝛿𝛿𝑙𝑙𝑟𝑟𝑟𝑟 = 22.91 ∙ 𝑒𝑒(−0.26×𝜕𝜕) (8) 

where δlcr is expressed in µm and t in days. The standard deviation of the residuals after applying the 
compensation is 3.5μm. 

2.4 Uncertainty estimation 
The ISO 16015 standard [32] is used for the uncertainty estimation. Based on eq. (1) the uncertainty on 
the predicted reference length is calculated based on the contributions from each term. The uncertainty 
of the measured length is basically the uncertainty of the CMM system which was found to be u(lmeasured) 
= 0.3 µm. 

The uncertainty from the moisture uptake compensation comes from the combined uncertainty of the 
CME value and the measured concentration. 

𝑢𝑢(𝛿𝛿𝑙𝑙𝑟𝑟ℎ) = �𝐿𝐿2𝑢𝑢(𝛽𝛽)2∆𝑐𝑐2 + 𝐿𝐿2𝛽𝛽2𝑢𝑢(∆𝑐𝑐)2 (9) 

With L = 32 mm, the maximum concentration difference of Δc = 2.3 kg/m3 (with a change in 
concentration from zero to the equilibrium content at 50 %RH), and the uncertainties of the two 
contributions found from the previous experiments as u(β) = 4e-5 m3/kg and u(Δc) = 0.09 kg/m3, this 
uncertainty becomes u(δlrh) = 2.6 µm 
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The uncertainty from the creep compensation is taken directly as the standard deviation of the residuals 
u(δlcr) = 3.5 µm 

The total uncertainty of the predicted reference length, within 95% confidence interval (σ = 2) is 
obtained by 

𝑈𝑈�𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟� = 2�𝑢𝑢(𝑙𝑙𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚)2 + 𝑢𝑢(𝛿𝛿𝑙𝑙𝑟𝑟ℎ)2 + 𝑢𝑢(𝛿𝛿𝑙𝑙𝑟𝑟𝑟𝑟)2 = 8.7 µ𝑚𝑚 (10) 

3 Application 
The validation is carried out by measuring two sets of polymer parts. The first set is composed of five 
stabilized (without creep) polymer parts which are produced three months before measurements. They 
have been dried for 7 hours before the measurements, hence only moisture uptake will have an influence 
on the dimensions. The second set is composed of five non-stabilized (with creep) polymer parts. The 
parts are picked up from the production line, put into moisture isolated bags and sent to the laboratory. 
The measurements are then started four days after the production with a CMM as seen in Fig. 9. The 
temperature of the laboratory is controlled to be at 20ºC. 

Fig. 9: CMM set-up for reference measurements. 

3.1 Stabilized polymer parts 
The raw data in terms of the measured lengths of the five parts together with the corresponding measured 
relative humidity of the ambient are shown in Fig. 10. The almost instant increase in the length observed 
at the beginning of measurement is due to the expansion coming from the initial dry conditions to the 
concentration equivalent to the surrounding relative humidity. The variations in dimensions are not fully 
corresponding to the variation in ambient relative humidity, as a result of the slow diffusion process.  
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Fig. 2. CMM measurements of the stabilized parts. 

The measurement performed at 50%RH (see Fig. 10) is considered to be the “measured reference length”. 
The initial length measurement is used to predict the reference length by eq. (1). As the moisture is the 
only effective parameter on the dimension, eq. (1) is simplified to 

𝑙𝑙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑙𝑙𝑚𝑚𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚 − 𝛿𝛿𝑙𝑙𝑟𝑟ℎ (11) 

For the first measurement data (at day 90), the parts are dry and 𝐶𝐶𝑚𝑚𝑚𝑚𝜕𝜕𝑟𝑟ℎ  is considered to be zero. In  Fig. 18, 
the predicted reference length of the five polymer parts are shown as a solid line and the uncertainty as 
the two dashed lines. The rest of the measurements during the 60 days are compensated for the moisture 
uptake, where 𝐶𝐶𝑚𝑚𝑚𝑚𝜕𝜕𝑟𝑟ℎ  is obtained by eq. (3) based on the measured relative humidity see also Fig. 11.  
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Fig. 3: Predicted reference length for the stabilized parts. a) to e) five different parts. 

In Table 2, the En value defined in eq. (12) is used to evaluate the agreement between reference 
prediction, measured reference and the uncertainty. The En value must be less than or equal to 1 otherwise 
the estimated uncertainty predictions are not reliable [34].    

𝐸𝐸𝑟𝑟 = |𝐸𝐸𝑟𝑟𝑟𝑟𝐸𝐸𝑟𝑟|

�𝑈𝑈𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑡𝑡𝑃𝑃𝑃𝑃𝑃𝑃
2 +𝑈𝑈𝑚𝑚𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝑚𝑚𝑃𝑃𝑃𝑃𝑡𝑡

2
(12) 

13 



where Error is the difference between predicted and measured reference length, Uprediction is the 
uncertainty of predicted reference length and Umeasurement is the uncertainty of the measured reference 
length. 

Table 1: Comparison of the predicted and measured reference lengths for stabilized parts. 
Part 
NO. 

condition Predicted reference length 
(mm) (U=8.7 μm)

Measured reference 
length (mm)  
(U=2.6 μm) 

Error (μm) En Value 

1 Stabilized 31.8311 31.8400 8.9 1.18 
2 Stabilized 31.8340 31.8400 6.0 0.79 
3 Stabilized 31.8305 31.8404 9.9 1.30 
4 Stabilized 31.8405 31.8385 2.0 0.27 
5 Stabilized 31.8406 31.8402 0.4 0.05 

The error between measured length and predicted reference length for polymer parts 1 and 3 are more 
than the uncertainty value. They also have an En value more than 1, which indicates that the uncertainty 
estimation is not accurate enough for these cases. In other words, the length variation due to the moisture 
has to be obtained with more data and the uncertainty of the CME value is expected to be higher than the 
current value achieved by the hygro-mechanical model. 

3.2 Non-stabilized polymer parts 
The raw data for the non-stabilized parts and corresponding relative humidity are shown in Fig. 12. The 
length variation follows the relative humidity but reduces over time due the creep effect. 

Fig. 4: CMM measurements for the non-stabilized parts. 
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In this experiment both creep and moisture are influencing the measured dimension of the polymer parts. 
As for the previous experiment, the initial length measurement is used to predict the reference length by 
eq. (1), where the measured length this time has to be compensated for moisture and creep. 

Fig. 13: Predicted reference lengths for the non-stabilized parts. a) to e) five different parts. 

In Fig. 13, the predicted reference length of the five polymer parts are shown as the solid line and the 
uncertainty as the two dashed lines. 
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The rest of the measurements during 60 days are compensated for the moisture and creep by application 
of eqs. (3+5+8). All the compensated lengths are observed to be close to the predicted reference length 
and within the range of the uncertainty limits. The “measured reference length” is obtained by the average 
of the last four measurements for each part, since the relative humidity at those times was close to 50 
%RH. As shown in Table 3, the En values for all of the measured parts are less than 1 which indicates 
that the uncertainty calculation is reliable for this experiment. 

Table 2: Comparison of the predicted and measured reference length. 
Part 
NO. 

condition Predicted reference length 
(mm) (U=8.7 μm)

Measured reference 
length (mm)  
(U=2.6 μm) 

Error (μm) En Value 

1 Non-Stabilized 31.7452 31.7442 0.9 0.12 
2 Non-Stabilized 31.7470 31.7443 2.7 0.36 
3 Non-Stabilized 31.7476 31.7449 2.7 0.36 
4 Non-Stabilized 31.7465 31.7450 1.5 0.20 
5 Non-Stabilized 31.7474 31.7445 2.9 0.38 

4 Conclusion 
In this paper an accurate method to compensate length measurements of polymer parts performed at non-
reference conditions under the influence of moisture uptake and creep, has been presented. The method 
is based on the measurement of the relevant parameters such us length, water content and creep 
deformation over time. Experiments and modeling have been used to study the dimensional behavior of 
the polymer part. Assumptions are defined to simplify and separate the effects of moisture and creep on 
the length of the moulded polymer parts. The induced moisture deformation is obtained by measurements 
in a climate chamber.  The creep is estimated by measurements as an exponential decay. An uncertainty 
estimation has been performed and indicates that the proposed methodology is capable of predicting the 
reference length of stabilized and non-stabilized polymer parts with an uncertainty less than ±10μm.  
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A B S T R A C T

The demand of energy efficient machine tools has increased recently due to the awareness for energy
efficient production in precision manufacturing. A portion of the energy supplied to machine tools is
transferred to thermal losses which influence also the thermal behavior of the precision related machine
tools components. Machine cooling and process cooling can prevent thermal machine tool errors.
However this further requires considerable amounts of energy. Hence there is a demand to monitor the
electric, thermal, fluidic and mechanical energy flows in the machine tool in order to optimize the
machining process and by this increasing its energy efficiency. This study intents to propose a method
which has the capability of real-time monitoring of the entire energetic flows in a CNC machine tool
including motors, pumps and cooling fluid. The structure of this approach is based on categorizing the
machine into subsystems and measurements of the consumers (pump, motors, . . . ) power, temperature
at the inlet and outlet of the pumps and current as well as the speed of the motors. The visualization is
carried out by a 2D Sankey diagram, which makes it easy to understand the energetic flows in the
machine tool. The methodology is verified by the rule of energy conversion which confirms the capability
of this method on real-time energy monitoring of a machine tool.

© 2017 CIRP.

Introduction

The industrial sector was in 2015 responsible for 42.5% of the
global energy consumption [1]. Based on the EU legislation [2,3],
energy saving in the industrial sector is mandatory for European
countries to reduce negative environmental impact. The potential
for energy saving in the industrial sector is estimated to be in the
range of 20%–30% [4]. Companies from the industrial sector
therefore must be aware of their energy consumption and
improvement capabilities. Züst et al. [5] identified the operation
phase of machine tools as the hot-spot of energy consumption in
the machine tool’s life cycle starting from raw material procure-
ment to disposal and recycling of the machine. As the energy
consumption in the machine tool is dominant, the potential energy
saving is expected to be significant. Energy related research on
machine tools has emerged recently as shown in Ref. [6] and [7]. It
can be inferred that production has been transferred from

traditional machining, which focused on process cost and time,
to modern machining which focuses on being cost, time and
energy efficient. For example in Ref. [8] and [9] the cutting speed is
adjusted and depth and feed rate parameters are kept constant in a
turning process to obtain minimum energy consumption and
maximum tool life.

Inefficient energy transformation in machine tools is not only
an energy cost problem but also affects the thermal behavior of
machine tools and thus the dimensional accuracy of the produced
parts [10]. Thermal errors are the largest single source of
dimensional errors [11]. Reducing temperature gradients in the
machine tool can be realized passively, e.g. by insulation methods,
or actively by fluidic cooling. The provision and thermal
conditioning of the cooling fluids require a considerable amount
of electric energy to be supplied to the machine tool. This energy is
even higher for a more precise machine tool [12]. It is therefore
suggested in literature to optimize the energy consumption based
on the product to be manufactured [13]. This concept requires the
online monitoring and optimization of the energy flows in the
machine tool. There are two aspects to be considered regarding the
reduction of a machine tool’s energy consumption: Increasing

* Corresponding author. Fax: +45 45251961.
E-mail addresses: almoha@mek.dtu.dk, ali13110@gmail.com (A. Mohammadi).

http://dx.doi.org/10.1016/j.cirpj.2017.08.003
1755-5817/© 2017 CIRP.

CIRP Journal of Manufacturing Science and Technology xxx (2017) xxx–xxx

G Model
CIRPJ 434 No. of Pages 9

Please cite this article in press as: A. Mohammadi, et al., A methodology for online visualization of the energy flow in a machine tool, NULL
(2017), http://dx.doi.org/10.1016/j.cirpj.2017.08.003

Contents lists available at ScienceDirect

CIRP Journal of Manufacturing Science and Technology

journa l home page : www.e l sev ier .com/ loca te /c i rp j

APPENDIX F - PAPER VI



machining capacity on one hand and saving energy on the other
hand [14]. It is also concluded in Ref. [12]: Being thermally stable is
not enough to be successful in future machine tools market, but
energy efficient machine tools will be an important criterion for
customers in this market.

Recently, much effort has been carried out to obtain a method
for monitoring or reducing the energy supplied to machine tools. It
is also recommended to monitor and visualize energy consump-
tion continuously to achieve energy-saving machine tools and
manufacturing systems [14]. The variable energy supplied to a
machine tool was monitored by measuring the input power of the
spindle [15]. The authors distinguish between two characteristics:
constant and variable electric power demands. The first is related
to the base load of the machine in non-machining states, while the
second relates to the process dependent power demand during
machining. Vijayaraghavan and Dornfeld [16] used an MTCon-
nectSM software and extrapolated data from power measurements
of the spindle for online monitoring of the energy consumption in
the machine tool. Avram and Xirouchakis [17] applied a
methodology to predict the power consumption of a milling
machine based on spindle power, cutting parameters and
machining strategy. All of the discussed energy monitoring
methods are focused on the characteristics of cutting parameters
and energy supplied to the spindle.

Two options exist to increase the energy efficiency of the
machine tool, while not affecting its thermal properties behavior in
a negative way: first the reduction of the amount of heat
generation by better design of machine tool’s components such
as motors and pumps, resulting in a better energy conversion
efficiency and less power demand for the cooling. Second the
improvement of the cooling system unit by active controlled
cooling system. If the cooling system in not controlled by feedback
from the machine tool, the circuit must be adjusted if the heat
sources are changed.

In this paper the approach presented in Ref. [18] is extended to
be used in online monitoring applications. The online monitoring
approach is capable to quantify and visualize the energetic flows
and the heat sources in the machine under investigation, in real-
time. In this study an energy flow model is developed on
component level, which makes it feasible to be applied for
different types of machine tools since the component such as
pumps, motors and cooling fluid are used in machine tools design.
The energy flow model is implemented in the measurement
routine. This measurement routine has online access to an electric
power measurement system, several temperature probes and the
machine’s numerical control (NC) using the FOCAS 2 interface of
Fanuc. The feasibility of the online quantification of machine tools
energy flow is demonstrated on the example of a five axis milling
machine.

Methodology

The heat sources in a machine tool increase the temperature of
a machine tool to higher than the temperature of the environment.
It is therefore assumed the thermal energy is transferred by
convection from the machine tool to the environment not vice
versa. In this methodology input and output energy at the energy
consumers are measured. The amount of thermal energy which is
transferred by convection and conduction are not measured since
it is assumed to be negligible compared to the input and output
energy of other energy consumers. The validation of method is
obtained by comparing the input energy to the consumers which
must be equal or greater than output energy due to ignoring the
energy which is transferred by convection and conduction.

A modular energy model for machine tools is used to apply on
different machine tool types and concepts. With this approach, the

datasheets information of the machine tool’s components, which
are generally available, enable the parametrization of the model for
each component. For interaction parametrization data acquisition
on component level is necessary to derive the relevant parameters
from measurements such as power input and temperatures and NC
readout such as speed and current of motors This procedure is in
line with ISO-14955-1 [19]. A physical model integrates the inputs
from datasheets, measurements and NC readout to compute the
energetic flows in the machine tool.

Component models

In the following sections, the energy flow models for the
relevant machine tool subsystems are introduced. The aim of these
models is the characterization of the relevant energy in-flow and
out-flow based on the measured variables.

Servo motors
The electrical power Pel, mechanical power Pmech and heat loss

of a servo motor (3 phase — Y configuration) are calculated by

Pel ¼ 3�I�v�ki þ 3�I2�Ra ð1Þ

Pmech ¼ 3�I�v�ka ð2Þ

Ploss ¼ Pel � Pmech ð3Þ

where I A½ � is the current and v rad
s

� �
is the rotational speed obtained

from the NC. The model further requires several parameters: ki V�s
rad

� �

is back electromotive force constant, Ra V
� �

is the armature
resistance and ka Nm

A

� �
is the torque constant.

Spindle
For an AC motor which is usually used in spindles, the electrical

power is obtained as

Pel;s ¼ 3�I2� L2h�Rr�v
R2
r þ L2r �v

ð4Þ

where Lh H½ � is mutual inductance, Lr H½ � rotor inductance and Rr V
� �

is rotor resistance. The armature current as well as the rotation
speed of the rotor is obtained from the NC.

Pump
The electrical energy supplied to the pump Pel can be measured.

The AC motor of the pump converts this electrical power to
mechanical power Pmotor

mech and losses in the motor Pmotor
loss :

Pmotor
mech ¼ hmPel ð5Þ

Pmotor
loss ¼ 1 � hmð ÞPel ð6Þ

where hm, is the efficiency of the motor.
The pump utilizes Pmotor

mech and transfer it to the hydraulic power
Pfl of the fluid while generating a certain amount of heat losses
Ppump
loss in the pump by:

Ppump
loss ¼ Pmotor

mech � Pf l ð7Þ
The total loss in the motor and the pump is

Ploss ¼ Pmotor
loss þ Ppump

loss ð8Þ
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The fluidic power generated by the pump is

Pf l ¼ Dp _V ¼ rgh _V ð9Þ

where Dp [Pa] is the pressure raise provided by the pump, r [kg/
m3] is the density of the fluid, g [m/s2] is the gravitational
acceleration, h [m] is the head of the pump and _V[m3/s] is the
pump’s flow rate. There is no need to measure the flow of the pump
if the pump characteristic is provided by the manufacturer which is
in line with ISO 14955-2 [20]. Otherwise, if the efficiency hp of the
pump, is available, it becomes also possible to compute the fluidic
power by

Pf l ¼ hpP
motor
mech ð10Þ

Process and machine cooling
Different kinds of cooling fluids are used in machine tools for

different tasks: Clearing the machining chamber from chips,
cooling and lubricating the process by supplying cutting fluid to
the tool and the workpiece, as well as thermal control of machine
components such as axes and the spindle. The thermal energy flow
Pcooling to the fluid from the component can be quantified as
enthalpy raise:

Pcooling ¼ _Vrcp Tout � Tinð Þ ð11Þ
where Tout and Tin are measured temperature at outlet and inlet of
the component, cp [J/kg K] is the heat capacity of the fluid.

Test machine

For this study, the introduced energy flow models are applied
on a five axis milling machine which is shown schematically in
Fig. 1. Different components are implemented in this machine as
subsystems. These subsystems are categorized according to their
type by reviewing the technical documentation of the machine.
There are seven different types subsystems considered for this
machine tool, as shown in Table 1, which are: (1) Drive Train (2)

Machine cooling (3) Process cooling (4) Hydraulic system (5)
Compressed Air (6) Chip Conveyor, and (7) Lubrication.

Drive train subsystem
The drive train includes the NC, current amplifiers and the

electric motors of the axes and the spindle. The current amplifiers
are responsible for rectifying the input AC signal and supply pulse-
width-modulated (PWM) signal for the motors. The schematics of
the energy flow for linear axes and rotational axes are shown in
Figs. 2 and 3, respectively.

All the moving axes are numerically controlled and it is possible
to record the armature current I which is provided for the motors,
as well as the rotational speed v of the drives by an NC readout. The
AC power sources feed to the amplifiers of the rotational axes PRot.
and linear axes PLin. are measured by power measurement probes.

Fig. 1. Schematic of the axes configuration of MoriSeiki NMV 5000 DCG [21].

Table 1
Symbols used in the Sankey diagram.

Component Symbol

Motor

Pump

Electric input

Tank

Nozzle

Heat exchanger

Amplifier

Fig. 2. Energy flow diagram in spindle and linear axis motors.
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The power consumption at all amplifiers Pamp,i is computed by:

Pamp;i ¼ Pel;i þ
PLin: �

X
Pel;i

4
where i 2 X; Y; Z; Sf g ð12Þ

Pamp;i ¼ Pel;i þ
PRot: �

X
Pel;i

2
where i 2 B; Cf g ð13Þ

Machine cooling subsystem
The temperature of moving and rotating components, such as

axes and the main spindle, increases when the machine starts
machining process. In a compact and precise machine tool a
cooling subsystem is crucial for the thermal behavior. This
subsystem supplies coolant fluid to transport the heat from heat
sources inside the machine tool structure to the surrounding of the
machine, usually the ambient air. The machine tool under
investigation has two separate machine cooling subsystems:
One for the spindle and linear axes, and one for the rotational
axes. The energy flow diagrams of both subsystems are shown in
Fig. 4.

Process cooling subsystem
In the machine tool under investigation there are five pumps for

process cooling and lubrication used, which are

1) Through-spindle pump,
2) Spindle pump,
3) Shower pump,
4) Chip flush pump and
5) Drum filter pump.

The diagram of the energy flow of the process coolant
subsystem is shown in Fig. 5. All pumps, except the drum filter
pump and through-spindle, transfer the coolant fluid from the tank

to the coolant nozzles in the machining chamber. In the through-
spindle pump the fluid is directed to the tool surface. The fluid
accumulates in the machining chamber and driven by gravitation it
flows into the drum filter. The drum filter pump clears the filter
from chips. It supplies a mass flow to the filter. Then all the coolant
fluid returns to the tank. The temperature of the coolant changes
during machining due to of the heat transfer from the process, the
chips, the machining chamber and related loose machine tool
elements like spindle bearings, as well as the heat sources in the
pumps which are directly installed on the top of the tank.

Hydraulic subsystem
The tool is clamped in the spindle by a hydraulic subsystem. The

frequency of clamping during the whole machining process is very
limited in time; consequently the work done by tool clamping is
neglected here. It is therefore assumed, that all the input energy to
the hydraulic pump is converted to heat and propagates into the
surrounding as the loss of the pump. The energy flow diagram of
the hydraulic subsystem is seen in Fig. 6.

Other subsystems
There are other subsystems in this machine such as the chip

conveyer and the compressed air used as sealing air as well as the
lubrication subsystem used to reduce the friction between moving
components. Since the energy consumers of these subsystems are
either outside of the machine housing (chip conveyer and
compressed air) or their energy consumption is relatively small
(lubricant pump: 34W), the power consumptions of these
subsystems are neglected.

Visualization

Pelliccia et al. [22] investigated three different methods of
visualization of energetic flows of machine tools and its

Fig. 3. Energy flow diagram in rotational axis motors.

Fig. 4. Energy flow diagram in the machine’s cooling subsystems.

Fig. 5. Energy flow diagram in the process cooling subsystem.

Fig. 6. Energy flow diagram of the hydraulic subsystem.
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components. A survey from 57 engineering students was
conducted and it was found that a method which can clearly
identify the direction of energy flow, power source and consumers
is more capable of catching the user’s attention. Although 3D
Sankey diagrams show the energy flows in schematics of machine
tools, the comparison between energy flows, power source and
consumers are difficult to identify. It is necessary for a visualization
method to provide understanding for the technical system. The 2D
Sankey diagram is thus choose for to visualizing the measured and
computed energy flows for the machine tool under investigation.

The characteristic of this visualization is the width of the line that
corresponds to the magnitude of the flow, i.e. the thicker the line
the higher the energy flow rate. Each node in the diagram
represents a component of the machine tool. The component has
several inputs and outputs which do not necessarily have to be the
same type of power flows. For example, a pump has an electrical
power as an input and fluidic power and thermal power as outputs,
which are not the same type of power flows.

Measurement procedure

It is required to run the machine and measure the relevant
parameters to quantify the energy flow in this machine tool. The
steady state assumption in the proposed method requires to run
the machine for a specific time in order to be sure that the machine
reached steady state. An air cutting process as in Ref. [23] is
performed on the machine twice, once with process cooling and
once without process cooling. Each machining process lasts 5000 s.
In the machining process spindle rotates in three different speed,
linear axis has movement and C axis rotates the table. The B axis is
on control without rotation. The discussed models, as well as the
machine tool specific data from fact sheets together with the
measurements by sensors and NC readout are analyzed in
LabVIEW1 for online monitoring of the energy flows in this
machine tool.

Table 4
Power measurement points.

No. Measurement point direct/indirect

1 Main power indirect
2 Drive train linear axes indirect
3 Drive train rotational axes indirect
4 Chiller rotational axes direct
5 Chiller spindle & linear axes direct
6 Through-spindle pump indirect
7 Spindle pump direct
8 Shower pump direct
9 Chip flush pump direct
10 Drum filter pump direct
11 Hydraulic pump direct

Table 5
Locations of temperature measurements.

No. Component Subsystems

1 Inlet Machine cooling (linear)
2 Outlet Machine cooling (linear)
3 X-axis Machine cooling (linear)
4 Y-axis Machine cooling (linear)
5 Z-axis Machine cooling (linear)
6 Spindle Machine cooling (linear)
7 Inlet Machine cooling (rotational)
8 Outlet Machine cooling (rotational)
9 Through-spindle Process cooling
10 Spindle Process cooling
11 Shower Process cooling
12 Chip flush Process cooling
13 Drum filter Process cooling
14 Tank Process cooling

Table 2
Linear axes motors specifications.

Parameters Unit X Y Z

Ra V 0.14 0.14 0.17
ka Nm/A 1.17 1.17 0.77
ki V s/rad 0.39 0.39 0.26
Stall current A 15.5 15.5 18.5
Stall torque Nm 22 22 12
Winding Y Y Y

Table 3
Characteristics of the chillers in the machine cooling subsystems.

Parameters Unit Value

DP kPa 500
cp J/kg K 1600
r kg/m3 850
g m/s2 9.81
_V (Linear axes) l/min 10
_V(Rotational axes) l/min 24

Fig. 7. Temperature variation for the entire experiment in the machine cooling
subsystem for linear axes.

Fig. 8. Temperature variation for the entire experiment in the machine cooling
subsystem for rotational axes.
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Datasheets

The documents of the machine tool’s components provide
information for motor and pump characteristics which are
required to compute the power consumption of the components.
As an example the characteristics for the linear axis servo motors
are listed in Table 2.

There are two separate cooling subsystems of the same type
for the main spindle and linear axes and for the rotational axes.
The data which is obtained from their datasheets is listed in
Table 3.

The coolant subsystem has five pumps, where the pumps for
the spindle, the shower, the chip flushing and the drum filter are of
the same type. There is a different pump for the through-spindle
coolant. All the pumps characteristics are available as graphs
which make it possible to identify the pump efficiency and fluidic
power based on the input power (Pel). The density of the coolant in
the subsystem is 850 kg/m3.

NC readout

The Fanuc FOCAS 2 library is used for the NC readout. Assuming
a 12 bit encoder for the current and speed measurements by the

NC, relative uncertainties of 1% are estimated for the reading of the
armature current and rotational speed of the motors.

Measurement sensors

Power
In total 11 Christ CLT310 power metres with a power demand

of 15 W each and an uncertainty of 0.015 kW are installed. These
sensors are capable of measuring electrical power up to 4 kW.
Components with a power consumption expected to exceed this
limit are equipped with a current transformer of a ratio 1:20,
leading to an indirect measurement range for the electric power.
The list of power measurement points is shown in Table 4.

Temperature
The temperature of the fluid at the inlet and outlet of the

pumps are measured in order to compute the change in enthalpy.
The sensors used are PTFE welded tip thermocouples with an
uncertainty of 0.01 K. Two DAQ NI 9214 are used to acquire the
data. The temperature measurement locations are listed in
Table 5.

The temperature for the linear axes machine cooling subsystem
is shown in Fig. 7. The temperature at the Y-axis is dominated by
noise in the first machining process which is due to a problem with
insulation of the sensor. The signals labeled as “inlet” and “outlet”
are the measured temperatures at the inlet and outlet of cooling
subsystem for the main spindle and linear axes. The outlet
temperature decreases when the chiller in the cooling subsystem
starts working and cools down the temperature of the fluid. As the
temperature reaches the equilibrium, the cooling subsystem
adjusts the temperature periodically as seen during the final part
(7000 s–10,000 s) of the temperature profile.

For the rotational axes it is not possible to measure the
temperature close to the inlets and outlets of the B and C axes due
to the geometry of the subsystem. The temperature is therefore
measured at the inlet and outlet of the cooling subsystem. The B
axis is not moving but the motor is supplied with electrical energy
to control the table position. The inlet for B and C axes are not
accessible to measure the temperature, it is therefore assumed
coolant flow is divided equally between the two axes. The
temperature for the rotational cooling subsystem can be seen in
Fig. 8. The periodic behavior of the temperature is considered as

Fig. 9. Temperature variation for the entire experiment in process cooling
subsystem.

Fig. 10. Power variance in each component during machining experiment.
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quasi steady state. The selected time for analysis is considered
large enough to include several periods.

The temperature variation measured in the process cooling
subsystem is shown in Fig. 9. The temperature of the fluid is
increased at all pump outlets and also in the tank until 3200 s.
After that, the process cooling is not used and the pumps are shut
down, so the temperature of the coolant fluid is reduced by
convection.

Results and discussion

Power variance

The power variance for all measurement points is plotted in
Fig. 10. The drum filter pump shows a higher average power than
the other subsystems (around 1000 W), which is expected since
the drum filter pump is always running during machining program

Fig. 11. Sankey diagram for the power flow during the entire machining process.
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with process cooling. While the NC is on, the linear axes show an
average power consumption in the order of 1000 W since the
spindle which is part of linear axis is almost always running and
the linear axes are all supplied with electrical power during this
experiment. The power consumption for the other components
(yellow area in Fig. 10) is around 800 W.

Sankey diagram

A 2D Sankey diagram is used for visualization. The LabVIEW1

program computes the value for each line and updates the Sankey
diagram by an excel file. The 2D Sankey diagram for the power
flows of this machine tool during machining is shown in Fig.11. The
magnitudes of input electrical powers are listed in Table 6.

As seen by the labels at the top of Fig. 11 and summarized in
Table 7, the flow rates in the Sankey diagram are obtained by
different modeling or measurement approaches, which are used
for the verification of the proposed method based on the rule of
conservation of energy. To do so, the components at the
intersection of two different approaches are numbered in Fig. 11
to compare input and output energy for each component. The
results are listed in Table 8.

The electrical input to the motors is converted to mechanical
power and heat losses. The heat losses either propagate to the
ambient or increase the temperature of the machine tool’s
components which is cooled down by process cooling subsystem.

Hence, the electrical power input of the motors has to be equal or
larger than the cooling power what is fulfilled as seen in Table 8
row 1–6.

The machine tool cooling subsystems for the main spindle and
linear axes and for the rotational axes consume electric power in
order to transfer heat from the drive train subsystem to the chillers
tanks. The input powers of the machine tool cooling subsystems
have to be equal or larger than thermal power which is returned to
the tank what is also fulfilled as seen in Table 8 row 7 and 8.

The process cooling subsystem is responsible for removing the
chips and heat from the machining working area by several
measures (spindle cooling, fluid shower, chip flush and through
spindle cooling). In this study the air cut machining does not
provide any process heat in the machining chamber and therefore
there is no additional thermal power supplied to the fluid. All
fluidic power has to be converted to thermal power, but some of
this thermal power is transferred to the environment instead of to
the tank. Therefore, the fluidic power has to be equal to or higher
than the thermal power, what is fulfilled as seen in Table 8 row 9.

The rule of energy conversion for electrical, mechanical,
thermal and fluidic power is fulfilled even though they are
obtained by different measurement methods as well as simplified
computation by considering a quasi-steady state solution. A
limitation of this validation is ignoring the heat transfer by
convection and conduction which may be a possible reason that
rule of conversion is always fulfilled.

Capability of online monitoring

It is important that the proposed method has the capability of
an online monitoring of the energy flows. The physical model is
sufficiently simple to prevent huge numerical computations for the
thermal power. The integrated program is therefore able to handle
the computation in real-time. The fluidic power is obtained by the
pump maps provided by the manufacturers. Thereby, the
mechanical shaft power of the pumps and resulting fluidic powers
are computed for each time step, what is more accurate than
computing it as one constant value representing the whole
machining process. The data of the temperature probes is acquired
directly by LabVIEW1. The data from the power measurement and
NC readout are provided as text files for an analysis program which
have to be updated in the desired time step during machining. All
data are analyzed in LabVIEW1 and it automatically updates the
Sankey diagram by an excel file. The software e!Sankey1 is used to
plot the energy flow in this machine tool.

Conclusion

The awareness of operators for energy consumption is the key
to reduce the energy consumption for what can be influenced by
the machine user. Therefore a monitoring of energetic flows and

Table 6
Magnitudes of input electrical powers.

No. Measurement point Magnitude (W)

1 Main power 5416
2 Drive train linear axes 990
3 Drive train rotational axes 741
4 Chiller rotational axes 326
5 Chiller spindle & linear axes 516
6 Through-spindle pump 0
7 Spindle pump 336
8 Shower pump 0
9 Chip flush pump 0
10 Drum filter pump 1110
11 Hydraulic pump 461

Table 7
Approaches in computing the value for the Sankey diagram.

Name Approach

Input power for all subsystems Power measurement
Amplifier power Power measurement and NC readout
Electrical input for motors NC readout
Cooling power Temperature measurement
Fluidic power Datasheet

Table 8
Comparison of the power computed at intersections of different approaches. The numbers of the inputs and outputs relate to the signals in Fig. 11.

Row Input Input power (W) Thermal power (W) Output

1 Pel;X 50 � 10 Pcooling;X

2 Pel;Y 115 � 45 Pcooling;Y

3 Pel;Z 178 � 104 Pcooling;Z

4 Pel;S 211 � 38 Pcooling;S

5 Pel;B 648 � 4 Pcooling;B

6 Pel;C 9 � 4 Pcooling;C

7 PRot: 325 � 182 Ploss;Rot: þ Pf l;Rot þ
X

Pcooling;i i ¼ B; C
8 PLin: 516 � 491 Ploss;Lin: þ Pf l;Lin þ

X
Pcooling;i i ¼ X; Y; Z; S

9 Pdrum 67 � 17 Ppump
loss;drum þ Pcooling;drum
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their suitable visualization in a Sankey diagram shall be provided
online in real time on the control panel of the machine tool.
However the machine tool is a complex subsystem with different
types of energy flows (electric, thermal, fluidic and mechanical).
During a machining process, the conversion of energy to other
types of energy increases the challenge in tracking of energy flow.
In this study, a methodology for online monitoring of the energy
flows in a 5-axes machine tool is investigated. This methodology is
concentrated on input and output energy from different compo-
nents (motors, pump, amplifier and etc.). It is assumed the
convection heat transfer to the environment comparing to other
energy conversion is negligible and hence it is not measured. The
electric, thermal, fluidic and mechanical energy flows are obtained
based on the data from datasheets of the components, provided by
the manufacturers, power and temperature measurements and an
NC read out using the FOCAS 2 interface of Fanuc. The rule of
energy conversion is used for comparisons of different data-sets
which are obtained independently by measurements, NC readout
or from datasheets. The results revealed that this methodology is
able to monitor the energy flow in a machine tools real time.
According to that, the conclusions are listed as follows:

� The proper use of datasheets reduces the measurement
equipment needed and also contributes to the computational
speed of the final program. The detailed datasheets of consumers
such as motors and pumps can provide accurate estimation of
the parameters such as cooling power, electrical power, fluidic
power and loss in motors and pumps.

� The visualization of the integrated programming which includes
power, temperature measurement and calculating the power
flow facilitates the visualization with a 2D Sankey diagram which
clearly identifies the power flows in the machine.
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