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1.  Focus of Guideline 
This guideline is written for stakeholders that are concerned with the development of precision 

dimensional measuring instruments and aim to achieve minimal thermal sensitivity for them. The 
guideline shortly explains the developing process using thermal modelling, points out crucial points 
and presents literature for further information. 

2.  Temperature influencing a precision instrumentation and developing 
process 

Precision engineering and measuring instrumentation is always influenced by temperature or 
temperature changes, which can be induced by the environment, technical heat sources or processes. 
How much the temperature influences the instrumentation, depends on the instrumentation specific 
thermal sensitivity, which is defined on the one hand by the basic fundamental working/ functional/ 
measurement principle of the instrumentation. Examples here are interferometric measurements, 
where an influence of the temperature on the refractive index of air and therefore on the wavelength 
is given by the Edlén-Formula [1]. 

Furthermore to this, the design, which includes the construction, geometry and materials, 
influences the thermal sensitivity of the instrumentation. Hence, the design process must be focused 
to mechanical or functional and on thermal issues either. Improving the thermal effects typically can 
be reached using three different strategies  [2]: 

I. Minimizing and controlling the heat flow in and into the instrumentation. 
II. Design in the sense of small sensitivity to thermal disturbances 

III. Compensation of the remaining errors [3, 4] 

The items I and II were within the objective of the EMRP IND13 project. The results of the 
investigations concerning item I are summarised in the project deliverable REG 4.5 “Good practice 
guide - Locating and control of cooling devices on thermal sensitive equipment”. Results concerning 
item II are discussed in the following sections. 

3.  Thermal designing by means of thermal modelling 
The basis of a successful thermal design of instrumentation is the sound understanding of the 

system behaviour and the physical phenomena in the instrumentation. To build up this understanding, 
theoretical modelling of the instrumentation or components can be used. The appropriate approach 
for this depends on the conditions and objectives of the modelling. Complex approaches like FEM 
(Finite Element Modelling) are advantageous when fields of temperature and heat flux need to be 
calculated, parameter studies should be performed and a system description close to physical and 



geometrical reality is needed. Models with concentrated parameters like equivalent electrical circuits, 
state space descriptions or transfer functions are easier to handle, allow faster calculations or can be 
used for frequency or dynamic analyses. But due to the model parameters and reduced structure, their 
physical interpretation can be more difficult compared to complex models.  

Nevertheless, a successful application of the modelling schemes and a deduction of a thermal 
optimised design require a specialised knowledge which relies on experience in the specific research 
field or performed experiments on components on similar or comparable instrumentation. When this 
condition is met, out of the modelling and thermal investigations design rules for a thermal insensitive 
instrumentation can be assigned.  

4.  Design rules for minimal thermal sensitivity 
In EMRP IND13 design optimisations of the Measuring Microscope of the Nanometer Comparator 

(at Physikalisch Technische Bundesanstalt Braunschweig) and the Prototype Form Measurement 
Machine (at Laboratoire National d’Essais Paris) were performed. From these investigations some 
design rules were estimated which could be generalised for the development of instruments with 
thermal sensitivity: 

1. Heat sources which are mounted on the sensitive instrumentation can be decoupled by 
using thermally low conducting materials for mounting elements. Furthermore, the 
materials should have a low (zero) coefficient of thermal expansion (CTE) to minimise 
dilations in the set-up due to residual temperature gradients. The use of zerodur 
(λ≈1.5 W·(m·K)-1) instead of Invar (λ≈10.5 W·(m·K)-1) is a possibility (Fig.  1). 
 

 
   

Scale Camera mounting Invar Camera mounting Zerodur Mounting and tubus Invar 
 

Fig.  1 – Thermal simulations of a mounted camera (heat source). Manufacturing the mounting elements 
and the mounting tubus from Invar (right picture) increases the temperature of the camera (red), but 
reduces the temperature gradients in the instrumentation (blue) compared to a mounting of Invar (left 
picture). A thermal decoupling is achieved. 

2. Parametric studies of typical design parameters (dimensions, material properties, boundary 
conditions) enable the identification of areas with the highest thermal sensitivity or the 
highest potential for a thermal improvement. They should be performed within a design 
process, to find the most sensitive point of a design or construction.  Software tools for this 
are available in commercial FEM software packages like Comsol+Matlab or 
ANSYS+Optislang. With those tools even coupled calculations eg. thermal-electrical or 
thermal-mechanical can be performed. This allows the estimation of thermal influences on 
the output parameter or measured quantity. 
 

3. Radiation heat transfer plays an important role even at room temperature conditions [5, 6]. 
Convective heat transfer typically is minimised in small gaps between parts or at reduced 



pressure atmospheres. Here, temperature gradients can arise due to a reduced convective 
thermal coupling. For surfaces which should be cooled (heat loss is improved) or should be 
coupled stronger to the ambient (improving the thermal dynamic behaviour), this lack can 
be improved by blackening or painting the surfaces. 
 

4. Passive cooling approaches provide less cooling power than active cooling approaches. This 
is due to the lower heat transfer coefficients of convective heat transfer for free convection 
(mostly air) compared to the higher heat transfer coefficients for forced convection in 
liquid cooling systems. Passive cooling must be applied in some instrumentation anyway, to 
avoid mechanical vibrations which typically occur in liquid cooling systems.  
A new passive approach is cooling by means of a phase transition (Fig.  2). Here, the 
parasitic heat generated by a component is absorbed by a phase change material (PCM) 
and transformed to melt the PCM. Due to the melting, a stabilisation of the temperature 
and a damping of the temperature increase due to the parasitic heat can be achieved. 
 

    
Scale Camera switched off Camera switched on – PCM 

is melting – temperature is 
stable 

Camera switched on – PCM 
is molten – temperature 
increases further  

Fig.  2 – Thermal simulations of a mounted camera (heat source) which is stabilised in temperature by 
means of a PCM. When the heat source is switched off, the temperature is homogeneous (left picture). 
When the heat source is switched on, the temperature increases, but the phase change stabilises the 
temperature at the melting temperature of the PCM (middle picture, blue areas), a thermal damping is 
achieved. For a completed phase change, the stabilisation is finished and the temperature may rise 
further (right picture). 

 
5. An active cooling without adding mechanical vibrations to instrumentation can be 

performed using peltier elements [7]. They can be used, when a local reduction or control 
of the temperature at a specific part or component is needed. Due to the following reasons 
an application of peltier elements can be disadvantageous: 

• Peltier elements just transport the heat between a warm and a cold side, they 
behave like a thermal valve, 

• Peltier elements add additional heat to the instrument. This happens when they 
are used for cooling and heating purposes either. The heat is proportional to the 
applied electrical current squared Qpelt~ Ipelt

2 , 
• Peltier elements must be coupled to a heat sink, otherwise they get heated up and 

the thermal efficiency decreases. 

When complex and thermally sensitive instrumentation should be cooled, peltier elements 
should be applied carefully due to these points. 

PCM 
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