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Abstract
Using CMMs under normal workshop conditions necessitates to take into account the influence of environmen-
tal temperature on the machine structure. Non-standardised environmental conditions result in temperature
dependent measurement errors. The paper presents a parametric approach to describe the relation between
transient temperature distributions and resulting deformation of the CMM.
The focus lies on broadening the temperature range in which the original accuracy specifications can be
guaranteed. Starting from a correction scheme for uniform, invariant temperature situations, an approach for
transient environmental loads is developed. Based on a limited number of temperature inputs, the required
correction coefficients for the probe position are calculated.
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1 INTRODUCTION

Flexibility demands and time restrictions in modern manu-
facturing require that dimensional metrology is done close
to the production process. As a result an increasing number
of coordinate measuring machines (CMM) are placed in the
harsh shop floor environment. This shift necessitates man-
aging the CMM’s thermal behaviour. Shielding the machine
with a (temperature controlled) box can be a solution [1] but
often this is not feasible. The combination of a good ther-
mal design and a software compensation is the next best
approach [2, 3, 4, 5]. Especially transient temperature
variations are considered challenging [4].

This research provides for a comprehensive thermal com-
pensation based on a limited number of temperature sen-
sors. It presents an indirect compensation based on a
parametric model. The model links measured tempera-
ture variations to the change in relative position between
probe tip and work reference point. The system corrects for
static uniform temperature deviations (non-standard tem-
perature), non-uniform temperature deviations (spatial gra-
dients) as well as transient variations (temporal gradients).

2 TEST CONFIGURATION

2.1 The test subject

This research is performed on a medium sized CMM with
a moving bridge configuration. The machine has a non–
homogeneous composition. The worktable is made out of
natural granite (Diabas). The X-guide is a granite beam
which is bolted on the worktable to ensure a rigid connec-
tion. The entire bridge is a steel construction. The horizon-
tal beam (the Y-axis) is a welded profile with inner reinforce-
ments. It is bolted to the legs. A cast aluminium YZ-saddle
allows the aluminium Z-axis to move vertically and horizon-
tally on the bridge. All moving parts run on air bearings.

The CMM has a work volume of 1.28 m3 (X,Y,Z ranges:
1.6 m x 1.0 m x 0.8 m). The specified accuracy is:
u3 = 5+ 5 � L

1000
�m at 20�1ÆC with length L in [mm]. In

addition these accuracy specs require that the temperature
gradients be limited to 0.5ÆC/hour and 0.5ÆC/m. The ma-
chine is equipped with self-adhesive linear scales of which
the ends are anchored to the substrate material. As a result
the scales have the same expansion as this substrate.

2.2 Temperature measurements

The temperature of individual machine elements is mea-
sured by means of negative temperature coefficient (NTC)
thermistors. This sensor type was chosen because of
the high sensitivity, signal-to-noise ratio and extreme long-
term stability. The custom-made measurement configura-

tion provides a resolution of 0.01ÆC. Batch-wise verification
of the entire configuration to a certified quartz thermometer
resulted in an accuracy better then 0.1ÆC.

The sensor mounting ensures that only the machine sur-
face temperature is recorded. Environmental influences are
blocked out by combining rubber-like insulation with a re-
flective tape. The former shields the thermometers from
convection, the latter from environmental radiation. Ther-
mal conductive paste strengthens the thermal link between
sensor and machine surface.

2.3 Deformation measurements

The CMM itself is used to record the thermal drifts. Refer-
ence objects mounted on the worktable are continuously
measured. Spheres are ideally suited for this task. By
measuring on a sphere a single, unique point can be mon-
itored in a reliable way. Multiple references can be mea-
sured sequentially during one test. A maximum of three
spheres was used to allow fast measurement and limit the
effect of thermal drifts within one measurement loop. To
measure at different heights above the table the spheres
can be mounted on extensions. The thermal response of
these supports must be taken in account, or limited by us-
ing thermally stable materials. The advantages of this self-
measurement approach [6] are:

� It resembles the normal machine functioning.

� Multi-axis, multi-locations results are obtained, i.e. 3D
drift results per sphere.

� High repeatability is achieved (the centres are deter-
mined based on 5 measured points per sphere).

� No additional equipment is needed, the CMM itself
measures the drift.

� The low cost reduces the barriers for interested parties
(industry) to start a thermal investigation.

3 NOMINAL DIFFERENTIAL EXPANSION

During prior research a nominal differential expansion
(NDE) correction was developed [7]. On the machine side,
that correction uses two thermistors per scale, one near
each scale-end. Based on the assumption of a linear tem-
perature gradient over the scale length, the expansion at
each location of the scale can be calculated. The expansion
coefficient (�) of each scale was determined by means of
laser interferometer based linear positioning accuracy mea-
surements at different temperatures. As a result the mea-
sured values�m can be used instead of the values provided
by literature �n. Table 1 lists the values as well as the ab-
breviations used in the remainder of this paper.



For NDE correction the absolute accuracy of the tempera-
ture sensors is crucial. The corrections have to be made
with respect to the standard temperature of 20ÆC. For a
steel scale a temperature measurement error of 0.1ÆC
leads to an error of 1.2 �m per metre.

Axis Material �m [ �m
m�

ÆC
] �n [ �m

m�
ÆC

] Abbrev.
X Granite 6.8 7�8 �gr
Y Steel 12.3 12 �st
Z Aluminium 21 23.2 �al

Table 1: CMM scale expansion coefficients.

NDE correction provided good results for steady state tem-
perature conditions between 17ÆC and 25ÆC [7]. In a next
step the influence of temperature variations must be tack-
led. This will be discussed in the remainder of this paper.

Figure 1: CMM sketch (right side view).

4 MODELLING THERMAL DRIFT

The drift correction must be considered as an add-on to
the NDE correction. It corrects for unwanted probe dis-
placements (drift) during a measurement [5]. Such dis-
placements correspond to a variation of the local coordi-
nate system (LCS) on the measured part. This can lead to
measurement errors in relative measurements. Additional
temperature sensors are placed on the machine to monitor
the temperature of the key CMM elements (see figures 1, 2
and 3). The absolute accuracy of the temperature sensors
is less important for correcting thermal drifts. Temperature
values (�T ) relative to the temperature distribution at the
determination of the LCS form the input.

First, the contribution from each machine element is individ-
ually described. Next, the individual contributions are com-
bined (superposition of deformations) to come to a thermal
model. The model’s parameters are identified based on
the CMM’s blue prints. Drift tests were performed to get
a grasp on the deformation process. Figure 5 gives the re-
sult of one of the drift tests. The measured data are not
used as such to create the model contrary to the approach
with non-parametric models (e.g. neural nets and regres-
sion model [8, 3, 4]). The measurements indicated that the
drift depends on the location and temperature variation over
time (dT=dt).

5 X DIRECTION THERMAL DRIFT

5.1 Bridge and saddle expansion (in X)

Figure 1 identifies the key elements:

� The distance L1 between the X-scale’s read out unit

(RGH22) and the left bolt on the horizontal beam of
the bridge structure. �L1 depends on �T3 (figure 3).

� The expansion of L2 adds to the expansion of L1.
The location of the middle point of the horizontal beam
changes proportionally to �T4.

� Both effects are counteracted by the expansion of the
saddle structure based on �T8. Key feature is the dis-
tance between the middle points of both elements L3.

EX1 = �st � L1 ��T3 + �st � L2 ��T4 � �al � L3 ��T8 (1)

Equation 1 combines the influence of the three elements.
The sign of each individual contribution can be determined
by assuming the other elements are temperature invariant.
If the temperature (T3) increases L1 will expand. This will
result in an increase of the distance between the RGH22
unit and the probe. As a consequence when the sphere is
re-measured the RGH22 will read out a scale value that is
less negative, i.e. a relative shift in +X (see figure 1). As a
result the calculated error has a positive sign.

(a) Parameters (b) Torsion effect

Figure 2: Bridge structure design detail (right side view).

5.2 Torsion of the horizontal bridge element

The design of the bridge structure at the driven bridge
leg has an unfortunate impact on the thermal response
of the CMM. Temperature variations with a high dT=dt re-
sult in a torsion of the horizontal beam. Figures 2 and 3
help describing this effect. Element B is composed of thin
sheet metal while A and C have a significantly larger cross-
section. Consequently B will respond faster to tempera-
ture variations. The expansion of B forces beam A to rotate
around point a. Note that B will also deform. The dual
air bearing set up at the free leg counteracts the rotation.
As a result beam A twists. The maximum rotation 'm oc-
curs close to the driven leg and the angle ' decreases to-
wards the free leg. The value 'm can be estimated via
a thermo-elastic description or via least-square approxima-
tion on measured drift data. The former leads to equation 2.
Factor f depends on the design parameters of the bridge
structure. In this particular case f equals 2.7.

'm = f � [LB � �st � (�T9 ��T4)] ('m in [rad]) (2)

A fast temperature increase will result in a CCW rotation
around -Y. In case of a slow environmental temperature
variation the temperature transition of A, B and C will be
similar. As a result �T9 and �T4 will be equal at all time
during the transition and the angle ' will remain zero.

The effect itself is limited but it is magnified by the Z-axis
length, which serves as a lever arm for the resulting error
EX2. EX2 is described as a function of the machine co-
ordinate system (MCS) values jYMCS j and jZMCS j (equa-
tion 3).

EX2 = 'm �
(Lb � (jYMCS j+ Y0)) � (jZMCS j+ Z0 + S)

Lb
(3)



The scale values YMCS and ZMCS are negative due to the
definition of the scale directions (see figures 3 and 4). As a
result equation 3 uses the absolute values.

5.3 Expansion of the X-scale

Tests proved that the expansion of the X-scale does not
contribute to the X-drift of a single point fixed on the work-
table because the X axis and the granite table expand as
one (see x 2.1). The NDE correction [7] takes into account
the expansion of the X-scale (from a fixed point on).

5.4 Total drift for the X-axis

Both effects work in the same direction with tempera-
ture variation. The error EX for the X direction equals
EX1+EX2. EX1 results in a steady state bias. EX2 oc-
curs only during temperature transitions.

6 Y DIRECTION THERMAL DRIFT

6.1 Expansion of the Y-axis

The expansion of the Y-axis can be described by combin-
ing the temperature dependency of the Y scale at YMCS

and Y0. Figure 3 sketches the bridge structure with the key
dimensional parameters indicated.

Figure 3: MC16 bridge structure (front sight).
The local expansion of the scale can be described based
on incremental expansion calculated from the temperatures
at the scale ends similar to the NDE correction (equa-
tion 4) [7].

�Ysc = �st �
�
jYMCS j ��T4 �

(YMCS)
2

2 � Ls
� (�T4 ��T2)

�
(4)

The variation of Y0 is linked to T4. This combines to the
expansion of the Y-axis as given in equation 5.

EY1 = �Ysc + �st � Y0 ��T4 (5)

6.2 The expansion of the granite worktable

The Y-position of the reference object varies also through
the thermal expansion of the granite table. This effect EY2
is dependent on the temperature of the worktable T7. EY2
is described by equation 6.

EY2 = �gr � (jYMCS j+ Y0) ��T7 (6)

6.3 The YZ-saddle expansion

The Y-scale’s RGH22 is mounted centrally on the YZ-
saddle structure. The distance (in Y) between the mea-
surement probe and the RGH22 equals zero and conse-
quentially the expansion of the saddle does not contribute
to the Y-drift.

6.4 Differential expansion of the bridge structure legs

During temperature variations with a high dT=dt a transient
effect adds to the Y-drift. Because the thermal response
time for each bridge leg differs, the temperature change of
the left leg (�Tl) can differ from that of the right leg (�Tr).
The following difference in expansion results in an inclina-
tion of the Y guide. The inclination angle � can be cal-
culated by equation 7. The inclination effect is transient,
the expansion of both legs eventually equals out in steady
state temperature. �Tl and �Tr are calculated by averag-
ing (T1; T12) and (T3; T13).

� = arctan

 
�st � Ll ��Tl � �st � Lr ��Tr

Lb + �st � Lb ��Tb

!
(7)

The resulting error EY3 is dependent on on the length of
the amplifier arm as indicated by equation 8.

EY3 = sin(�) � (jZMCS j+ Z0 + S) (8)

6.5 Total drift of the Y-axis

The combined effect of the above mentioned deformations
can be used to describe the Y-drift EY .

EY = EY1 �EY2 +EY3 (9)

7 Z DIRECTION THERMAL DRIFT

7.1 Expansion of the Z-axis

(a) (b)

Figure 4: The key elements for the Z-axis.
Figure 4 clarifies the abbreviations used in this paragraph.
The deduction will be done based on the indicated ele-
ments. The thermal response of the axis EZ1 is a com-
bination of the local expansion of the linear scale at the
measured value (ZMCS ) and the part of the axis below the
scale (Z0). The variation of S is disregarded here because
it is not a machine constant. Equation 10 describes the in-
cremental expansion of the scale. The contribution of Z0 is
calculated based on the average temperature of that sec-
tion (equation 11).

�Zsc = �al �

 
�T5 �jZMCS j+(�T6��T5)�

(ZMCS)
2

2 �D65

!
(10)

�Z0 = �Al ��
�
T5 �

D5e � (T6 � T5)

2 �D65

�
� Z0 (11)



EZ1 combines both effects. Due to the differential expan-
sion of the bridge legs the deformation value should be pro-
jected on a vertical axis. However � is a small value, and
therefore cos(�) � 1. EZ1 is calculated via equation 12.

EZ1 = (�Zsc +�Z0) (12)

7.2 Deformation of the bridge structure

The deformation of the bridge structure is already dis-
cussed earlier. The expansion of both legs has a direct
influence on the Z-drift because the entire saddle includ-
ing the Z-axis is lifted upwards. Due to the differential ex-
pansion of the bridge legs the upwards shift is (temporary)
dependent on the YMCS coordinate. The combined effect
EZ2 is described by equation 13.

EZ2 = �st � Ll ��Tl � (Lb � (jYMCS j+ Y0)) � sin(�) (13)

7.3 The overall Z-drift

The overall Z-drift EZ combines the expansion of the axis
EZ1 with that of the bridge structure EZ2. Both effects are
counteracting.

EZ = EZ1 �EZ2 (14)

8 VALIDATION OF THE DRIFT MODEL

Drift measurements provide the data for the validation of
the thermal drift model. The derived equations are imple-
mented in MatlabTM routines. These calculate the drift at a
certain set of MCS coordinates based on the temperature
variations relative to the start of the measurement. To cor-
rect for the drifts EX, EY and EZ the calculated values
must be subtracted from the measured MCS values.

9 RESULTS

Figure 5 shows the obtained results. The temperature vari-
ation on the lower part of the Z-axis (T5) is indicated as
a reference. For a single sphere the measured drifts are
shown in combination with the residual errors. These resid-
ual values are the difference between the measured and
the calculated drift. Notice the overshoot of the measured
X-drift at the on-set of the heating and cooling cycles, that
results from the torsion effect (section 5.2). The maximum
temperature variation dT=dt during the test is 2.5ÆC/h. This
is five times more then the CMM’s specification of 0.5ÆC/h.
In the X direction maximal residual drift is 6 �m. The Y-
and Z-drift show a similar improvement. The Z-curve re-
sults could be even better if the elongation of the probe is
taken into account. Additional tests proved that the results
at other MCS coordinates are consistent with these.

10 CONCLUSION

A parametric approach for thermal correction of environ-
mental influences was presented. The listed results indi-
cate the potential of the technique. The research results
include more than merely a thermal correction for a single
machine. The build up library of thermal effects are equally
valid for other machines of a similar design. The further
implementation does not require extensive data collection
efforts, but merely a verification drift test. The test results
can be used to fine tune the model.

The research also revealed several design issues that influ-
ence the thermal behaviour of the CMM at hand. Modifica-
tion of the design for new machines will simplify the thermal
response and as a result reduce the necessary amount of
software correction.

Some challenges remain. The thermal response of the
probe can be added to the model. The combination of NDE
and thermal drift correction should be tested on artefacts in

Figure 5: Drift model results under targeted temperatures.

light of [9].
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