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Abstract 

In the field of industrial metrology, spherically mounted reflectors are often used in laser tracker 
applications. For high-precision measurements, the reflector consists of a mirrored corner cube 
centred in a steel ball with a typical radius of 1.5”. This spherical design enables a three-point 
support of the reflector, realised by a magnetic mount, e.g., a drift-nest. In recent years, several 
surveying equipment suppliers have been offering affordable spherical glass-body reflectors 
and related accessories for classic terrestrial applications. This development provides a direct 
physical connection between different types of instruments, such as levelling instruments, total 
stations, laser scanners or laser trackers, and represents a unified interinstrumental interface. 
Ensuring an identical point of reference is a necessary condition for interoperability. For that 
reason, more than thirty spherical glass-body reflectors of different lots were evaluated in terms 
of precision and reliability. In order to investigate the suitability of these reflectors for industrial 
applications, the conformity of reference points, zero-point offsets, ball radii, and sphericity 
were examined in detail and compared with certified references. In addition, radial and lateral 
deviations as a function of the angle of incidence were studied. 

1 Introduction 

Measurements with laser-based instruments like total stations are limited by various external 
effects such as meteorological conditions or the type of the involved reflectors. The effect of 
meteorology is often reduced by observing the meteorological conditions, i.e., temperature, 
pressure, humidity, and – if necessary – carbon dioxide, and by applying the first velocity 
correction to the measured raw distance (RÜEGER, 1996, p. 74f). Alternatively, the 
meteorologically dependent change in the air refractive index is compensated by using a two-
wavelength electro-optical distance measuring unit (EDM) (e.g. GUILLORY ET AL., 2024). 

The impact of the involved reflector depends on the reflector type and the reflector composition. 
As shown by FAVRE & HENNES (2000), a 360° reflector consisting of several small prisms 
causes different systematic deviations than a commonly used circular standard reflector made 
of a single glass-body prism. On the one hand, due to the orientation dependent cyclic 
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deviations of 360° reflectors of several millimetres, this reflector type is not recommended for 
high-precision measurements (LACKNER & LIENHART, 2016). On the other hand, a standard 
reflector made of a single glass-body prism is typically characterized by an individual zero-
point offset, a centring error, as well as an incident angle dependent radial and lateral deviation 
pattern as discussed by RÜEGER (1996, p. 148ff). Despite the significant impact on distance 
measurements, there is currently no specific standard for reflectors. However, both reflector 
types have been studied extensively, and the interested reader is referred to (e.g. BAUER & 
LIENHART, 2023; FAVRE & HENNES, 2000; LACKNER & LIENHART, 2016; WIESER, 2026; 
XIA ET AL., 2006; to cite but a few). 

Laser trackers are often used in high-precision industrial applications. The EDM is derived from 
the Michelson interferometer, allowing distances to be measured with an uncertainty of a few 
micrometers. To ensure this precision, spherically mounted reflectors (SMR) are used, 
consisting of a mirrored corner cube centred in a steel ball with a radius of 𝑟̃𝑟  =  19.05 mm. 
Typically, an SMR is magnetically mounted in a drift-nest, as the spherical design enables a 
three-point support of the reflector. Thus, an aligned SMR enables rotation around the 
instrument’s line of sight and does not consist of a pitch and roll axis like standard reflectors 
used in terrestrial applications. Moreover, neither a zero-point offset nor radial and lateral 
deviations occur because an SMR is a glassless reflector. However, the centring of the cube, 
the ball radius and the sphericity of the surface affect the measurement. For that purpose, these 
deviations are in the range of a few submicrometers for a high-precision SMR, also used in this 
investigation as higher-order reference. In recent years, affordable spherical glass-body 
reflectors (SGR) and related accessories for classic terrestrial applications have been launched 
by several surveying equipment suppliers. The universal nature of the spherical design 
represents a unified interinstrumental interface and provides a direct physical connection 
between different types of instruments, such as levelling instruments, total stations, laser 
scanners or laser trackers. It even enables a combination of terrestrial observations with 
photogrammetric measurements. The necessary condition for interoperability is an identical 
point of reference. This contribution studies the quality of 1.5” spherical glass-body reflectors 
and evaluates the suitability of these reflectors for industrial applications. 

After a brief description of the data sets, the conformity criteria are presented, the measurement 
methods are described, and the obtained results are presented and discussed. Section 2.1 
evaluates the zero-point offset as the most important property. The radial and lateral deviations 
are investigated in Sect. 2.2. Geometric properties of the reflectors such as radius and centring 
are studied in Sect. 2.3. Section 2.4 focuses on deviations from the spherical form of the 
reflectors. Finally, Sect. 3 concludes this investigation. 

2 Spherical glass-body reflectors 

In order to investigate the quality of 1.5” spherical glass-body reflectors, twelve uncertified 
reflectors (serial no. 1445, purchased in 2013/14), ten certified reflectors (serial no. 1445.SN, 
purchased in 2020), and fourteen uncertified reflectors (serial no. 1448, purchased in 2024/25) 
were evaluated. Hereinafter, these different lots are distinguished by their respective serial 
numbers. The reflectors are manufactured by Bohnenstingl. The certified reflectors were 
factory checked using a laser tracker AT901 (Hexagon) with an EDM wavelength of 795 nm. 
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Nominal values of the SGR for the ball radius 𝑟𝑟, the height of the apex 𝑎𝑎 and the distances 
between the surface front and the centre 𝑏𝑏, respectively, as well as the specified zero-point 
offset 𝑐𝑐 are summarized in Tab 1 (BOHNENSTINGL, 2022, p. 73; BOHNENSTINGL, 2025, p. 54). 
Figure 1 depicts spherical glass-body reflectors of the three investigated lots. The blue, red and 
green drift-nests correspond to 1445, 1445.SN and 1448 type reflectors, respectively. Higher-
order references are placed in front of the reflectors to be examined. 

 
Fig. 1:  Spherical glass-body reflectors of the investigated lots and higher-order references. Back: An 

uncertified 1445 reflector is mounted on a blue drift-nest, a certified 1445.SN reflector on a 
red drift-nest, and an uncertified 1448 reflector on a green drift-nest. Front: The glassless 
reference SMR is a red-ring reflector and mounted on a black drift-nest, while the reference 
steel ball is mounted on a silver drift-nest. 

To evaluate the suitability of spherical glass-body reflectors for industrial applications, all 
measurements were performed using Hexagon’s laser tracker AT960 together with a 1.5” SMR. 
The maximum permissible error (MPE) of an observed position is specified by 15 μm +  6 μm

m
. 

The centring, the sphericity and the ball radius of the 1.5” SMR are specified by ≤ 3 μm, and 
provides a higher-order reference. To reduce the influence of unrecognized meteorological 
changes, all measurements were performed at a distance of less than 3 m using the instrument’s 
precise measurement mode. 

Table 1: Manufacturer specifications for SGR. For the 1445/1445.SN series, the standard 
deviation of the zero-point offset is derived from the statement that 90% of the values 
vary within a range of ±0.1 mm (BOHNENSTINGL, 2022, p. 73), while the standard 
deviation of the zero-point offset of the 1448 series is derived from the statement that 
100% of the values vary within a range of ±0.1 mm (BOHNENSTINGL, 2025, p. 54). 

Parameter name and abbreviation Nominal value 

1445/1445.SN 1448 
Ball diameter 2𝑟𝑟 38.10 mm ± 0.05 mm 38.10 mm ± 0.03 mm 
Apex height above front surface 𝑎𝑎 19.30 mm ± 0.20 mm 19.30 mm ± 0.20 mm 
Surface front to centre distance 𝑏𝑏 12.55 mm ± 0.10 mm 12.55 mm ± 0.10 mm 
Zero-point offset of uncertified prims 𝑐𝑐 −16.90 mm ± 0.06 mm −16.90 mm ± 0.03 mm 
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2.1 Zero-point offset 

The most important property of a glass-body reflector is the zero-point offset, which describes 
the extra path length of the laser beam in the glass-body. According to RÜEGER (1996, p. 157), 
the offset of an aligned reflector is defined as 

𝑐𝑐 = −𝑛𝑛 𝑎𝑎 + 𝑏𝑏 (1) 

and depends on the dimension of the reflector and the ratio between the refractive indices of air 
𝑛𝑛A and glass 𝑛𝑛G given by 

𝑛𝑛 =
𝑛𝑛G
𝑛𝑛A

. (2) 

According to the equation of VON SELLMEIER (1871), the shorter the wavelength is, the greater 
is the refractive index. Thus, the zero-point offset depends on the wavelength. Figure 2 depicts 
the refractive index of BK7 glass as a function of λ (POLYANSKIY 2024). The blue square and 
the yellow circle indicate a typical wavelength used by total stations and the AT960, 
respectively. The difference is about Δ𝑐𝑐 =  150 μm. 

If the dimension of the reflector or the wavelength is unknown, the zero-point offset results 
from the comparison between the reference distance 𝑠̃𝑠 and the measured distance 𝑠𝑠 to an SGR, 
i.e., 

𝑐𝑐 = 𝑠̃𝑠 − 𝑠𝑠. (3) 

Measuring the reference reflector yielded 𝑠̃𝑠 in this investigation. To account for any differences 
in the reflector’s radii, the reflectors were mounted perpendicular to the instrument’s line of 
sight. Each SGR was measured six times, with the SGR being rotated by approximately 60° 
about the surface normal after each observed distance. The reference distance was measured 
twice, i.e., at the beginning and the end of each experiment. This procedure was repeated for 
all reflectors under investigation.  

 
Fig. 2:  Zero-point offset 𝑐𝑐(λ) and refractive index 𝑛𝑛(λ) of BK7 glass depicted as solid grey and 

dashed red curves, respectively, as functions of the wavelength λ. The blue square indicates a 
typical wavelength used by total stations. The yellow circle relates to the wavelength of the 
AT960. 
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Figure 3 shows the derived zero-point offsets of the different lots. The mean standard deviation 
is about 5 μm for the lots 1445 and 1445.SN, and 8 μm for the lot 1448. However, the zero-
point offsets of the reflectors differ significantly, by up to 0.5 mm, and appear to be lot-
dependent. The variation of the uncertified 1445 reflectors shown in blue is larger, with 
differences of up to 0.3 mm occurring.  

 
Fig. 3:  Derived zero-point offsets. Uncertified 1445 reflectors are represented by blue squares, 

certified 1445.SN reflectors by red circles, and uncertified 1448 reflectors by green stars. Error 
bars (1𝜎𝜎) are scaled at a ratio of 20:1. The solid line and the dashed line indicate the nominal 
value and the certificate value, respectively. 

For high-precision measurements, mixing reflectors from different lots is not recommended, 
even not for total station applications. The mean zero-point offset of the certified 1445.SN 
reflectors shown in red is about −17.05 mm and varies within a range of less than 0.1 mm. 
Similar variations are visible for the zero-point offsets of the uncertified 1448 reflectors shown 
in green. In contrast to the certified reflectors, the mean zero-point offset of the 1448 reflectors 
is −16.92 mm and closest to the nominal value. Thus, these reflectors are suitable for precise 
applications. However, the specified zero-point offset should be scrutinised w.r.t. the 
wavelength of the EDM – even if the reflectors are certified, cf. Fig. 2. Having a total station 
with an EDM wavelength of 658 nm, the zero-point offset of a certified SGR is about 
−17.2 mm, and deviates from the nominal value. 

2.2 Radial and lateral deviations 

Due to the different refractive indices of air and glass, systematic radial and lateral deviations 
arise, if the reflector is not exactly aligned to the instrument. Using ray tracing, PAULI (1969) 
derives the radial deviations along the line of sight as a function of the incident angle 𝛼𝛼, i.e., 

𝜀𝜀𝑟𝑟 = 𝑎𝑎 �𝑛𝑛 − �𝑛𝑛2 − sin2(𝛼𝛼)� − 𝑏𝑏 + 𝑏𝑏 cos(𝛼𝛼). (4) 

As shown by RÜEGER (1978), a misaligned reflector also refracts the beam at the front, resulting 
in an apparent displacement of the apex. This optical displacement caused lateral deviations 
perpendicular to the line of sight and can be expressed as 

𝜀𝜀𝑙𝑙 = (𝑎𝑎 − 𝑏𝑏) sin(𝛼𝛼) − 𝑎𝑎 sec(𝛼𝛼G) sin(𝛼𝛼 − 𝛼𝛼G), (5) 
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where sin(𝛼𝛼G) ≔ 1
𝑛𝑛

sin(𝛼𝛼) follows from the law of refraction. Both systematic deviations are 
correctable, whenever the angle of incidence and the dimension of the reflector is sufficiently 
known (e.g. LÖSLER ET AL., 2013; KOPITZKE 2026). 

To study the radial and lateral deviations, an SGM was placed on a rotation stage having the 
same height as the instrument’s inclination axis. A total of six series were measured. In each 
series, the SGM was rotated from −45° to 45° using a step size of 5°, and each position was 
observed by the AT960. Afterwards, the SGM was rotated by approximately 60° about the 
surface normal and the procedure was repeated. Figure 4 shows the six series of radial 
deviations in a range of ±35° for the SGR under investigation. The lateral deviations are 
overlaid by an orientation-dependent pattern. Such a pattern occurs when the necessary 
orthogonality of the cube sides is not fulfilled and the centre of the prism deviates from the ball 
centre. This is confirmed by ray tracing on a virtual reflector.  

 
Fig. 4:  Lateral deviations w.r.t. the incidence angle and the orientation about the surface normal. To 

get a better impression of the dependence of the reflector orientation. The incident angle is 
restricted to ±35° to better illustrate the dependence of the deviation on the reflector 
orientation. 

In contrast to standard reflectors consisting of two defined axes of rotation, the orientation about 
the surface normal of a spherical reflector is arbitrary and almost unpredictable. While a 
reflector aligning of ±20° usually results in negligible deviations as depicted by the yellow 
series in Fig. 4, large centring deviations lead to additional and unexpected systematic 
deviations. In order to detect and compare only radial and lateral deviations, the reflectors were 
carefully pre-aligned. 

Figure 5 shows the resulting deviations. The lateral deviations are significantly larger than the 
radial deviations. The reproducibility of the deviations within a specific lot is quite high, but 
the results of the lots clearly differ from each other. The uncertified 1445 reflectors yield 
smallest deviations. Differences in the glass-bodies used between the lots could be one reason 
for the curve deviations.  

Using Eqs. (4), (5), corresponding correction functions were derived by means of a least-
squares adjustment, whereby both systematic effects can be compensated for, whenever the 
angle of incidence is known. Otherwise, a conscientious alignment of the reflectors is strongly 
recommended for high-precision applications. 
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           (a) Radial deviations 

 
           (b) Lateral deviations 

Fig. 5:  Lateral and radial deviation of SGR w.r.t. the incident angle. Uncertified 1445 reflectors are 
represented by blue squares, certified 1445.SN reflectors by red circles, and uncertified 1448 
reflectors by green stars. The blue, red and green lines indicate corresponding fitted curves. 

2.3 Radius and centring 

One of the advantages of spherical reflectors lies in the combination of different types of 
instruments, such as levelling instruments, total stations, laser scanners, laser trackers, or 
photogrammetric cameras. The necessary conditions are an equality of the ball radii and an 
identical point of reference. For that purpose, points lying on the surface were observed by the 
AT960. Due to the glass-body and the drift-nest, parts of the surface were not accessible so that 
an enclosed configuration is not possible. The observations were performed in dynamic 
measurement mode, resulting in a point cloud of about 700 surface points for each SGR under 
investigation. Based on surface points and in accordance with ISO 10360-6 (2001), the centre 
point 𝐗𝐗0 and radius 𝑟𝑟 were derived using an orthogonal distance fit (LÖSLER & ESCHELBACH, 
2020). The optimization problem to be solved reads 

min𝐞𝐞T𝐞𝐞    s. t.     𝑟𝑟2 = ‖𝐗𝐗𝑖𝑖 − 𝐞𝐞𝑖𝑖 − 𝐗𝐗0‖22, (6) 

where the 𝑖𝑖-th surface point reads 𝐗𝐗𝑖𝑖, and 𝐞𝐞𝑖𝑖 is the corresponding residual vector. This 
constrained nonlinear optimization problem was numerically solved by a Sequential Quadratic 
Programming approach as discussed by LÖSLER (2020, 2025). 
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To verify the measurement procedure, a 1.5” steel ball (Aimess) was measured fourteen times. 
This reference steel ball is certified as grade G10 according to ISO 3290-1 (2014). The 
estimated mean radius reads 19.054 mm ±  1 μm, and deviates by 4 μm from the nominal 
value, cf. Fig. 6. The estimated centre is confirmed by the directly measured position of the 
reference SMR. The difference between both positions is 4 μm ±  1 μm, see also Fig. 7. Thus, 
the configuration is suitable to obtain the parameters 𝑟𝑟 and 𝐗𝐗0. 

The measurement procedure performed for each SGM comprised measuring the surface points 
as well as the centre of the SGM. This procedure was repeated three times for each SGM. 
Figure 6 depicts the estimated radii. Whereas the radii of certified 1445.SN reflectors are always 
smaller than the nominal value, the radii of the uncertified 1445 reflectors are greater than the 
nominal value. Differences of about 50 μm can be found. The radii of the 1448 reflectors are 
close to the nominal value and almost identical to those of the reference steel ball. Moreover, 
the repeatability is slightly better for uncertified reflectors. The standard deviations of the 
uncertified reflectors are of the same order of magnitude as those of the reference steel ball. 
Contrary, the standard deviations of the certified reflectors are about ten times larger. 

The manufacturer’s certificate specifies the centring deviation as the difference between the 
directly measured centres of a reference SMR and the SGM being tested. The distance 
corresponds to the centring deviation if and only if the radii of both spheres are identical. 
According to Fig. 6, this condition is not fulfilled, and the certified centring deviation depends 
on the orientation and the mounting of the reflectors. The distance between the sphere centre 
and the directly measured SGR position represents the centring deviation as the difference 
between the optical and geometric centres. It characterizes how precisely the glass-body is 
centred in the steel ball. This quantity is important when, for instance, polar observations are 
combined with levelling data, or in reverse engineering, where the observed position is reduced 
by the ball radius to the tactile measured surface. 

 
Fig. 6:  Derived radii. Uncertified 1445 reflectors are represented by blue squares, certified 1445.SN 

reflectors by red circles, and uncertified 1448 reflectors by green stars. The results of the 
certified steel ball are shown in yellow. The solid line indicates the nominal value. Error bars 
(1𝜎𝜎) are scaled at a ratio of 20:1. 

As shown in Fig. 7, the deviations are less than 250 μm. The repeatability is comparable for all 
lots under investigation. The standard deviations of the distances between the optical and the 
geometrical centres are 10 μm, and are dominated by the dispersion of the directly observed 
SGM position derived by uncertainty propagation. 
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Fig. 7:  Centring deviations of SGR, defined as the distance between the centre of the sphere and the 

directly measured SGR position, i.e., the optical and geometric centres. Uncertified 1445 
reflectors are represented by blue squares, certified 1445.SN reflectors by red circles, and 
uncertified 1448 reflectors by green stars. For comparison, the difference between the 
reference SMR and the centre of the reference steel ball is shown in yellow. Error bars (1𝜎𝜎) 
are scaled at a ratio of 3:1. 

In practical applications, where reflectors are exchanged or replaced by other spherical targets 
such as photogrammetric markers or scan targets, the centring and radius deviations overlap 
and must be taken into account. The combined deviation is cyclical and depends on the 
orientation and mounting of the reflectors. In the worst case, both deviations accumulate, 
resulting in a deviation greater than 200 μm. 

2.4 Sphericity 

The large standard deviations of the radii shown in Fig. 6 indicate greater surface roughness of 
the certified 1445.SN reflectors. According to ISO 1101 (2017), the sphericity describes the 
deviation from the spherical form. It is defined as the radial distance between two concentric 
spheres having an identical centre 𝐗𝐗0, i.e., the smallest circumscribed sphere with radius 𝑟𝑟min 
and the greatest inscribed sphere with radius 𝑟𝑟max. Both spheres characterize the minimum zone 
Δ𝑟𝑟 =  𝑟𝑟max −  𝑟𝑟min containing all measured surface points. The corresponding optimization 
problem reads 

min{𝑟𝑟max2 − 𝑟𝑟min2 }    s. t. 0 ≤ 𝑟𝑟max2 − ‖𝐗𝐗𝑖𝑖 − 𝐗𝐗0‖22

 0 ≤ ‖𝐗𝐗𝑖𝑖 − 𝐗𝐗0‖22 − 𝑟𝑟min2  (7) 

and is numerically solved by an interior point method. For a worthwhile contribution to the 
interior point method and practical algorithms, interested readers are referred to the textbook 
written by WRIGHT (1997). 

In order to verify the sensitivity of the performed measurement procedure, fourteen repeated 
measurements of the certified steel ball were evaluated, because the sphericity of the ball is 
specified by 0.5 μm and provides a higher-order reference. The obtained minimum zone reads 
10 μm ±  3 μm, which lies within the specification of the laser tracker, and confirmed the 
procedure. 

Figure 8 depicts the derived minimum zone spheres and clearly confirms the assumption of 
greater surface roughness of the certified 1445.SN reflectors. The minimum zone spheres 
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within a lot are almost identical. The averaged minimum zone of the certified 1445.SN 
reflectors reads 135 μm ±  20 μm. The repeatability of the minimum zone spheres of the 
uncertified reflectors is noticeably higher. The mean values are 20 μm ±  3 μm and 
30 μm ±  4 μm for the lots 1445 and 1448, respectively. Both values are close to the result 
obtained for the steel ball. 

 
Fig. 8:  Derived minimum zone spheres. The reflectors of the lots 1445, 1445.SN, and 1448 are 

coloured in blue, red, respectively, and green. Upward-pointing and downward-pointing 
triangles indicate the radii 𝑟𝑟min, 𝑟𝑟max, respectively. The results of the steel ball are shown in 
yellow. The solid line indicates the nominal value. 

There is a significant difference in manufacturing quality between the ball housing of the 
reflectors used in different lots. The roughness of the surface affects the three-point support of 
the reflectors mounted in a drift-nest. Even if the glass-body is perfectly centred, unpredictable 
deviations occur when the alignment of the reflector changes. 

3 Conclusion 

Spherical glass-body reflectors and related accessories are becoming increasingly important in 
metrology and surveying engineering. The spherical design allows for a flexible combination 
of almost all relevant surveying techniques. The manufacturing precision of accessories has a 
significant impact on the uncertainty budgeting of the measurement process. In this 
contribution, thirty-six 1.5” spherical glass-body reflectors of different lots manufactured 
between 2013 and 2025 were studied. Beside optical related quantities like the zero-point offset 
and misalignment effects, the dimension and the tolerance of form were examined in detail for 
the first time. A direct comparison of the lots revealed significant differences in both optical 
and geometrical properties. In the worst case, when the absolute values of the detected 
deviations are accumulated, the resulting error exceeds 0.5 mm. Thus, mixing reflectors from 
different lots should be avoided.  

A high degree of repeatability of the measured quantities for reflectors from the same lot was 
observed. These reflectors are suitable for most terrestrial applications. However, it is 
recommended to validate the nominal values w.r.t. the instrument’s wavelength and the field of 
application. For high-precision industrial applications, the reflectors should only be used in 
fixed installations and in configurations with restricted angles of incidence. The newly released 
1448 reflector series exhibit manufacturing improvements. Ball radius, sphericity, and zero-
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point offset are close to their nominal values. The remaining deviations are negligible for most 
total station applications. 

Currently, there is no specific standard for reflectors that defines geometric properties and 
specifies quality standards. The establishment of such a standard would provide a basis for 
objective comparisons and is recommended by the authors. 
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