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A versatile optical profilometer based on conoscopic
holography sensors for acquisition of specular and di↵usive

surfaces in artworks
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University of Verona, Dept. of Computer Science, Str. le Grazie, 15, Verona, Italy, 37134

ABSTRACT

Surface metrology of artworks requires the design of suitable devices for in-situ non-destructive measurement
together with reliable procedures for an e↵ective analysis of such non-engineered variegate objects. To advance
the state-of-the-art it has been implemented a versatile optical micro-profilometry taking advantage of the adapt-
ability of conoscopic holography sensors, able to operate with irregular shapes and composite materials (di↵usive,
specular, and polychrome) of artworks. The scanning technique is used to obtain wide field and high spatially
resolved areal profilometry. The prototype has a modular scheme based on a set of conoscopic sensors, extending
the typical design based on a scanning stage and a single probe with a limited bandwidth, thus allowing the
collection of heights data from surface with di↵erent scales and materials with variegate optical response. The
system was optimized by characterizing the quality of the measurement with the probes triggered in continuous
scanning modality. The results obtained on examples of cultural heritage objects (2D paintings, 3D height-relief)
and materials (pictorial, metallic) demonstrate the versatility of the implemented device.
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1. INTRODUCTION

Artwork digitization is gaining more and more interest and di↵erent techniques were proposed1 for the docu-
mentation of statues, paintings, frescoes, etc., to have a time-immutable version of the cultural object saved or
to provide a model for further studies. The acquisition of the surface at micron and sub-micron scales is widely
used for materials inspection in the engineering field2 but it is still experimental in cultural heritage (CH). Gen-
erally speaking, a problem of this application field is that metrology of artworks requires the design of devices
suitable for non-destructive measurement in-situ, together with reliable procedures for an e↵ective analysis of
such non-engineered, i.e. complex and unknown, materials. The extension of the standard surface metrology
toolboxes to the CH field is not straightforward3 due to the shape irregularity and to the presence of variegate
materials in artifacts. In addition, the performance of the surface-measuring system as well as the e↵ectiveness
of surface data analysis depend on the characteristics of the target object itself, such as the surface texture and
the response of the materials to the probes.4

Among the 3D techniques,5 optical profilometry based on laser-stylus systems has demonstrated its potential
in some pilot CH applications6–8 (from 3D survey for general documentation to micro-structure diagnosis for
monitoring surface decay and treatments or supporting restoration), certainly leading to a growing interest
towards this tool as well as underscoring the potential for further work in the field. Among the challenges of
laser profilometry, there are the scanning of multi-scale surfaces, the acquisition of surfaces with both specular
and di↵usive materials, and the profilometry-based feature extraction for modeling artwork surfaces. As a matter
of fact, no ready-to-use set-up is currently available on the market to perform the above tasks and, despite its
mentioned potentiality, 3D profilometry of artworks is not being used in the practice of the museum laboratories
due to such lack of tailored measuring and processing platforms.
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This work deals mainly with the instrumental aspect. To advance the state-of-the-art, a versatile solution for
micro-profilometry based on a set of conoscopic holography sensors is demonstrated. The paper is structured as
follows: after motivating the conoscopic holography choice (section 2), the design of the instrument is presented
(section 3) together with the system performance characterization (4), then the acquisition workflow on some
CH objects is shown (section 5).

2. CONOSCOPIC HOLOGRAPHY SENSORS

In conoscopic holography9,10 a light beam traverses an optically anisotropic crystal and is split into two beams
that share the same geometric path but have orthogonal polarization modes. The refractive indexes of these
two beams generally di↵er from each other, thus, after exiting the crystal an interference pattern is generated.
Figure 1 depicts the principle of a conoscopic holography distance sensor. The features of this pattern depend
on the distance of the sampled surface from the light source.

Figure 1. Schematic of a conoscopic holography distance sensor.

The main advantages that make conoscopic holography a good choice for CH application are

• contact-less measurement method;

• sub-micron depth resolution;

• precision down to a few micrometers;

• low dependency of the distance measurement from the surface material.

A family of conoscopic sensors, distributed by Optimet in a wide range of characteristics, is then used to design
a profilometer device with versatile capabilities. The multi-probe module includes a sensor for di↵usive materials
(ConoPoint3), a sensor for reflective materials (ConoPoint3HD), and a sensor for specular or transparent surfaces
(ConoPoint3R). In addition, each kind of probe is equipped with a set of several lenses that can be jointly used
to perform surface acquisition in di↵erent working range and sampling grid. Di↵erent combinations of probe
plus lens (Table 1) cover up a wide range of needs to scan multi-material and multi-scale CH objects.

Table 1. Nominal performance of di↵erent probe-lens combinations (from user manual).11

Probe Conopoint3 Conopoint3HD Conopoint3R
Lens 50 200 25H 50H 25N 50N
Measurement Range [mm] 8 180 0.6 2 1 5
Accuracy [µm] 6 70 0.5 2.5 1 2.5
Laser Spot Size [µm] 37 105 12 19 5 16
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3. OPTICAL MICRO-PROFILOMETER DESIGN

The scanning prototype has a modular scheme that is based on a set of triggered conoscopic holography sensors
by extending the typical design based on a single probe. This way, the collection of information over composite
materials with di↵erent optical response and the acquisition of surfaces at di↵erence scales is possible. In order to
take advantage of the versatile capability of the conoscopic sensors each system component has been characterized
and the whole performance optimized on di↵erent CH materials.

The scanning setup (Figure 2) is composed by a motion system with linear axis stages (by PI) orthogonally
mounted to form the (X,Y ) acquisition grid. The axes have a maximum travel range of 300mm and an encoder
precision of 0.1 µm with an accuracy of 1 µm over the entire length. The horizontal axis X can travel up
to 50mms�1, the vertical axis Y up to 3mms�1. Raster scanning is performed with data acquisition along
horizontal lines (fast axis) in both the directions while the stepping is performed along the vertical axis.

Figure 2. The developed scanning system with di↵erent sensors and lenses. The set of conoscopic sensors is mounted on
the vertical axis and surface acquisition is performed per horizontal lines with the artwork positioned vertically.

To enhance the acquisition routine, i.e. to keep continuous scanning along the X direction while the probe
acquires data, it was necessary to implement distance-based triggering functions. After fixing a sampling grid,
each time the X axis travels the scan step (grid resolution) the axis encoder sends a TTL signal to the conoscopic
probes control box, which instructs the sensor to perform a measurement. Compared to discrete scanning routines
the continuous scanning approach improves the performance of the instrument and reduces the acquisition time.12

4. SYSTEM PERFORMANCE CHARACTERIZATION

The characterization of the system included the evaluation of the single-point sensors as well as the analysis of
their performance when operating on the scanning system. The study provided information about how di↵erent
parameters a↵ect each other and the overall quality of an acquisition.
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4.1 Optical Characterization

A study on the laser beam and how the di↵erent lenses modify the quality of the measurement is shown. A
number of parameters were taken in consideration with the aim of characterizing the actual performances of
the probe-lens combination. The measurement range is the maximum displacement that can be acquired by the
sensor and is conveniently divided in near, middle, and far field (Figure 3); the middle field corresponds to the
stando↵ distance, exceeding the measurement range leads to inaccurate or false distance measurements. The
nominal lens accuracy in Table 1 was obtained on reference calibration targets; in this study the measurement
repeatability is used as more general quality indicator. The laser spot size, which varies with the lens focal
length, is an important parameter that limits the minimum step of the sampling grid.

Figure 3. Near, Middle, and Far field of the measurement range11

4.1.1 Measurement Range

The measurement range of each probe-lens combination was evaluated in order to establish the repeatability of
the measurement in the di↵erent fields.13 After performing a repetition of 100 single-point measurements with
the laser sensor on a white standard di↵usive surface, the values of standard deviation (STD) and signal to noise
ratio (SNR) were considered as indicators of the performance in the di↵erent fields.

Table 2 summarizes the results for the ConoPoint3 with the 50 lens and the ConoPoint3HD with the 50H lens.
The two sensors have di↵erent behaviors in the near and far fields; moreover, while the 50 lens provides higher
measurement quality and repeatability in the near and in the middle field with respect to the far, conversely, the
measurement quality of the 50H lens drastically decreases in the near field and increases in the far.

Table 2. Repeatability of the measurement for some probe-lens combinations with the reference surface placed at the
stand-o↵ distance (the middle field (M)), and in the near (N) and far field (F) of the working range.

Probe+Lens Field SNR STD [µm]
N 76 0.6

Conopoint3+50 M 79 0.6
F 51 2.5
N 59 1.6

Conopoint3HD+50H M 87 0.3
F 89 0.4

4.1.2 Laser Spot Size

The laser spot size was evaluated along the two transversal scanning and stepping directions in order to optimize
the sampling grid. To avoid oversampling issues in the acquisitions the value of the sampling step must be at
least half that of the laser spot size. The measurement of the laser spot size was carried out for all the probe-
lens combinations, by projecting the laser beam in the middle field into a VIS-NIR CMOS camera with a pixel
dimension of 5.3 µm. To attenuate the beam and avoid saturation of the CMOS pixels, a 5.1 neutral-density
filter was used. Figure 4 shows the elaboration of a profile. Table 3 reports the spot sizes measured with this
approach for the 50 lens type coupled to their respective sensors.
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Figure 4. Laser beam profile of the ConoPoint3 with the 50 lens by VIS-NIR CMOS imaging (5.3 µm pixel size). The
estimated laser spot size is given by the FWHM of the gaussian fit.

Table 3. Estimated laser spot size for some probe-lens combinations.

Probe+Lens Spot Size [µm]
Conopoint3+50 45

Conopoint3HD+50H 28
Conopoint3R+50N 26

4.2 Scanning Repeatability

Since the main feature of the setup is the acquisition of data with the probes in motion, a study of the system
while working in continuous scanning was performed to evaluate the measurement repeatability. The system was
placed on a SMART UT2 optical table (by Newport) with damping technology for suppressing a specific band
of vibration frequencies. After performing a repetition of 10 measurements of a 50mm line profile on a white
standard di↵usive surface at di↵erent axis velocities, the STD was averaged in order to obtain a quality indicator
for the scanning repeatability.

The results summarized in Table 4 show that there is a maximal scanning velocity for which the distance
measurements are still consistent, exceeding this values increases the errors because of the vibrations induced
on the probe. The comparison between the damping vibration active or not was performed to establish the
performances of the system for in situ applications.

Table 4. Repeatability of the measurement at di↵erent scanning velocity with and without vibrations damping for some
probe-lens combinations.

Probe+Lens Step [µm] Velocity [mm s�1] STD [µm]
damping ON damping OFF

10 6.5 8
Conopoint3+50 50 15 7.1 9.2

30 11.1 13.5
50 16.6 18.9
5 4.9 9.2

Conopoint3HD+50H 20 8 5.1 13.1
10 6.6 14.8
12 16 30.1
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4.3 Color Gradient Dependency

A study was carried out to evaluate the performance of the conocopic holography probes on a multiple colors
sample in order to optimize the acquisition of polychrome artwork surfaces. The characterization was performed
on the color checker depicted in Figure 5 using SNR values as quality indicator. The sensor was calibrated on the
gray region chosen as response in the middle between the two extreme reflectance cases (calibrating the sensor
on the white reference led to a laser power too low to acquire data on the black region, calibrating the sensor on
the black reference led to a saturation of the signal on the white region).

The study shows that even with a calibration of the laser power, the sensor is not capable of acquiring
accurate values. The worst results correspond to red and yellow colors; with SNR values below 20%, which are
to be considered bad acquisitions, three of the four white references have SNR values around the threshold of
acceptance 50% while the remaining one shows an acceptable SNR value. The bad results for the red, the yellow,
and the white reference are to be ascribed to the laser power, still too high, leading to saturation in samples
with high reflectance in the red portion of the visible.

(a) The measured color checker (b) SNR values for each color region

Figure 5. Color gradient dependence.

5. RESULTS

The scanning profilometer was tested on di↵erent CH materials, from painting to metallic (Figures 6-7) samples,
showing capability to acquire reliable surface maps at micro-metric scale and to provide quality information in
presence of both di↵usive, specular, and transparent materials. Regarding the profilometry of specular metallic
surfaces, which is a di�cult task, the device was successfully employed in a parallel study, not reported here,
focused on the analysis of the micro-roughness in silver treatments.14

(a) ConoPoint3HD+50H, g=50 µm (b) ConoPoint3HD+50H, g=50 µm

Figure 6. Surface texture (3D visualization) of painting samples showing (a) pictorial layers and craquelures, (b) pictorial
detaches.
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(a) silver sample detail (b) ConoPoint3HD+50H, g=25 µm (c) ConoPoint3R+50N, g=25 µm

Figure 7. Surface profilometry (intensity map) of a silver sample partially treated with protecting coating acquired with
di↵erent probe-lenses; the two setups highlight di↵erent surface texture.

In addition, a multi-scale and a multi-material acquisition approach based on the joint use of di↵erent probe-
lens combinations were tested. Besides the distance and the SNR values the output of the single-probe acquisition
includes additional datasets that can be exploited for information filtering, enhancement, and integration, i.e.
the .hdr text file with meta data of the acquisition, the .TAG with the sequential integer list used to detect
missing distance measurement values, the .TOTAL binary file with the values of the total light returned to the
sensor CCD for each distance measurement.

The multi-scale acquisition approach is based on the registration of fine regions of interest (ROI) onto coarse
acquisitions. This method allows saving time by performing a preliminary measurement of the artwork able
to acquire basic surface information such as form, deformation, etc. and to highlight the location of ROI
where a deeper study is needed, e.g. with fine surface features like marks or defects (incisions, scratches, holes,
material detaches, etc.). By switching probe-lens combinations it is possible to improve the acquisition with a
more resolved sampling grid and higher measurement precision. Being the acquisitions mapped onto the same
reference system by the scanning stages, the surface maps can be registered in a multi-scale stack. An example
of such approach is depicted in Figure 8.

(a) 3D model

points n°, sampling grid: 500 [µm]

p
o

in
ts

 n
°,

 s
a

m
p

lin
g

 g
ri
d

: 
5

0
0

 [µ
m

]

Coarse form−acquisition

 

 

50 100 150 200

20

40

60

80

100

120

140

160

180

200

d
is

ta
n

ce
 [

m
m

]

210

215

220

225

230

235

240

245

(b) ConoPoint3+200, g=500 µm
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(c) ConoPoint3HD+50H, g=25 µm

Figure 8. Multi-scale approach for surface profilometry of a bronze high relief: 3D whole reconstruction (a) of the artwork;
the coarse acquisition (b) reconstructs the form, the fine acquisition (c) with increased sampling grid and measurement
resolution reconstructs the surface texture and shows the waviness of the hair.

The multi-material approach aims to solve the issue with polychrome surface raised in section 4.3. By using
the SNR value as threshold, a stack of acquisitions of the same ROI with di↵erent laser settings is combined into
a single optimized surface map; the best values of distance measurement are selected pixel-wise from the stack
by following the SNR rules elaborated after the probe-lens characterization tests. An example of such approach
is depicted in Figure 9.
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(a) (b)

(c) (d)

Figure 9. Multimaterial approach for surface profilometry of a Russian icon (c). For the high absorbing materials such
as the green pigment of the saint vest, a high laser power is used (a). This creates invalid values on the aura, in white.
For acquiring high reflective material a low laser power is needed (b). The combination the two scans choosing the
measurement with the higher SNR allows recording both the materials (d).

6. CONCLUSION

Digitization of artworks is gaining importance not only for the documentation of cultural heritage history, but
also for providing material surface data at micro metric scale in support to the monitoring, aiding the restorer
in its delicate work. To advance the state-of-the-art of the instrumentation, it was implemented a versatile and
multi-scale optical micro-profilometer that, taking advantage of the adaptability of the conoscopic holography
sensors, is able to operate with irregular shapes and composite materials of artworks, i.e. with both di↵usive,
specular, and polychrome surfaces. The scanning technique was used to obtain wide field and high spatially
resolved areal profilometry.

After a study of the acquisition performance of the conoscopic holography probes as stand-alone sensors, the
system was optimized by characterizing the quality of the measurement with the probes triggered in continuous
scanning modality, showing how the di↵erent parameters a↵ect the repeatability of the final measurement.
Thresholds for the sensors and scanning parameters were obtained, beyond which the measurements become
inconsistent.

If the optimal setting of the di↵erent probe-lens combinations are known they can be jointly used to improve
surface acquisition by combining the stack of measurements towards a multi-scale and multi-material approach.
The results obtained on examples of cultural heritage objects (2D paintings, 3D height-relief) and materials
(pictorial, metallic, di↵usive, specular) demonstrate the versatility of the implemented device.

Future work will focus on the development of a specific hardware integration for the continuous scanning of
complex shapes with multi-scale features.
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