The Eﬀect of Building Materials on LIDAR Measurements
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This paper uses a Light Detection and Ranging (LIDAR) device with multiple
building materials to provide guidance for developing an autonomous
robotics-friendly environment. The results demonstrate various materials that not
only provide missing data, such as for clear glass, but also can provide
inaccurate data, a dangerous situation in the context of indoor autonomous
mobility. Finally, the paper proposes ideas for how designers can compromise
between the materials they would like to use while facilitating the necessary
information for an autonomous vehicle.
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OVERVIEW
Recent developments in autonomous navigation for
self-driving vehicles have brought to light the issues
around infrastructure and technological limitations
in the context of the built environment. The role of architects and designers is becoming increasingly important in providing an appropriate interface for the
successful integration of people and autonomous
agents in buildings and cities. In order to facilitate
autonomous navigation, the infrastructure can play
a vital role in increasing both the rate of deployment
and the safety associated with machines interpreting the world we live in. One of the key instruments
used in autonomous navigation is the Light Detection and Ranging (LIDAR) sensor, a device that uses
the reﬂection of a laser beam to accurately measure
the distance between itself and the object the beam
hits. While in most cases this technique provides accurate data, a variety of surfaces can cause errors in
these measurements. In the façade of a building or
the interior hallways, the materials used in designing
spaces can have a drastic eﬀect on the accuracy and

ease of sensing the environment. It is therefore in the
architects‘ and designers’ interest to understand the
relationship between the common building materials and LIDAR functionality.

BACKGROUND
Various technologies are used when developing an
autonomous vehicle (Borenstein 1996). These vehicles can be considered robotic technologies, and vary
in size and use from a personal wheelchair to a city
bus. Similarly, autonomous navigation has a wide
range of implementations for outdoor, indoor, and
mixed environments. The technology for controlling
all aspects of a vehicle is well established. However,
determining how to use this control in unknown environments is what makes autonomous vehicle integration diﬃcult. These unknown environments
include structures, topographic conﬁgurations, and
moving objects (cars or people). To put the level of
diﬃculty in autonomous navigation in perspective, it
has been 10 years since the Defense Advanced Research Projects Agency (DARPA) ran the Grand Chal-
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lenge in which multiple teams demonstrated vehicles controlled autonomously, while all having issues
with completing the course (Buehler 2009). While
highways may be out of scope for architects and designers, the navigation through cities and particularly
indoor environments can be facilitated, or hindered,
by design.
For indoor navigation, Amazon has been using
robots inside their automated warehouses and fulﬁllment centers to sort and pick items purchased. To
spur the advancement of robotic technologies associated with automated storage and retrieval systems, Amazon Robotics, a subsidiary company of
Amazon.com, organized a competition for indoor autonomous robots to pick items (Correll et al. 2016).
Amazon is one of many merchandise companies, including The Gap, Walgreens, Staples, Gilt Groupe,
Oﬃce Depot, Crate & Barrel, and Saks 5th Avenue,
that deploy robotic automation in their warehouses.
While these robots can be seen as isolated and
working with within relatively controlled environments, others, such as social robots, are designed
to both navigate human built spaces as well as interact with people (Gockley et al. 2007). Similarly
to autonomous cars, personal mobility vehicles offer a revolution in transportation not only throughout cities but indoors as well. Given a vehicle similar in size to an electric wheelchair, people both with
and without disabilities can have an autonomous vehicle transport them throughout nearly any indoor
environment. Particularly in places with high numbers of mobility- and vision-impaired people, autonomous assistance could signiﬁcantly redeﬁne occupancy type, usage, and eﬃciencies.
The beneﬁts of indoor autonomous mobility will
go beyond the transportation needs of building occupants, and will signiﬁcantly impact maintenance
and material handling within buildings in the same
way as automated fulﬁllment centers presently do.
In the United States, the Americans with Disabilities Act (ADA) has dictated requirements for facilitating public facility access for people who use
wheelchairs. This signiﬁcantly solves the physical
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navigation challenge for personal mobility vehicles
associated with indoor topography, ﬁnish materials,
and signage. However, software aspects are still not
reﬁned enough for immediate deployment.

TECHNOLOGIES USED IN AUTONOMOUS
NAVIGATION
LIDAR is a system relying on the sending and receiving of pulsed laser light. A light beam is sent, and as
it hits an object, the detection sensor determines the
length of time it takes for this beam to come back,
allowing for accurate distance measurements. While
the alignment of the sensor itself is vital for accurate measurements (Latypov 2005), the material being sensed also greatly determines the accuracy. One
of the cornerstone methods developed with LIDAR
is Simultaneous Localization and Mapping (SLAM)
(Gonzalez-Banos 2002). Naturally, a device relying
on the sensing of light requires materials both to be
present and to aﬀord reﬂections suitable to the device. Unfortunately, many of the materials used in
architecture and building construction present conﬂicts for this type of sensor. As the LIDAR provides
one of the most accurate and complete maps of the
environment, providing infrastructure that caters to
this technology increases its eﬀectiveness, leading to
faster integration of autonomous vehicles and safer
interpretation of the surroundings.

METHODOLOGY
As the technology behind LIDAR is the same in most
consumer products, but the implementation can
vary, speciﬁcations of the LIDAR are necessary in order to allow for repeatability of this study. As such,
the LIDAR used in these experiments is a LIDAR Lite
v3 developed by Garmin. It is a single-channel 905
nm 1.3w laser with 10-20 KHz pulse repetition. The
range is listed at 40 m with a resolution of +- 1 cm.
Under a 5 m distance, accuracy is +- 2.5 cm. The LIDAR
signal is read on the computer through an Arduino
Mega using PWM. The beam is 12 × 2 mm with a divergence of 8 mRadians.

All materials were placed in front of a gray painted
wall perpendicular to the LIDAR. Various perforated
metals, glass, and plastic architectural sample materials were used. A constant distance of 125 cm with a
perpendicular axis to the material was used to compare the measured distance among the multiple materials, with 1 cm steps to determine the variance
across the material. To determine reﬂective or refractive variance, an angle of 45 degrees to the material
was also measured.

HARDWARE SETUP
The hardware setup (Figure 1) consists of a Ø12 mm
lead screw with an anti-backlash nut, a 12 V 1.4amp Nema 17 stepper motor, an Arduino Uno, and
a TB6600 motor driver with 1/16 microstepping enabled. A basic program for controlling the motor and
receiving LIDAR data through serial communication
was implemented on the Arduino. Python programming language with the pySerial module was used to
send and receive data with the Arduino.
Three measurement positions were installed
with brackets on the baseboard: (1) a distance of 55
cm from the LIDAR at a 90-degree angle (perpendic-

ular to the LIDAR ray), (2) 106 cm from the LIDAR at
90 degrees, and (3) 106 cm from the LIDAR with a 45degree angle. The samples were slid into these brackets for consistent location placement. The LIDAR was
translated by the lead screw in 1 mm increments over
16 cm. A barrier was placed in line with the experimental setup to prevent the beam and image sensor
convergence from becoming oﬀset from the edge of
the material. To prevent these edges from aﬀecting
the data, the middle 8 cm of samples were used in
the analysis. Additionally, multiple passes on each
sample were conducted to ensure the data collected
were repeatable and not a matter of random sampling. Finally, a cardboard backplate was placed at
the end of the baseboard to prevent erroneous data
being collected when the LIDAR passed through materials.

MATERIALS
Multiple samples of base measurements and architectural glass were used in the experiment. Nine
glass samples, two plastic samples, a steel perforated
plate, clear glass, opaque plastic, and a cardboard
material were used (Figure 2).

Figure 1
Testing hardware
setup
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Figure 2
The speciﬁc
samples are
detailed in this
table. The sample
number is used in
the Results section.

In Figure 2 photos of the material samples are displayed. The numbers the blue tap correspond to the
numbers used in the experiments for the results section. From left to right, top to bottom: (1) Carvart
Glass C135 2. (2) Carvart Glass C135. (3) Carvart Glass
CLCR-019. (4) EG9916 Drawn Linen. (5) Cream Crush
AC-841-201-LL. (6) Square Frost AE-818-101-HH. (7)
ChromaFusion CF3461. (8) ChromaScreen CV1121
Standard Dot. (9) Emboss Glass EG9922 Cube Large
Caesar Color Inc. (10) ChromaFusion FC2375 / Custom 1/8” Dot SO2913. (11) EG9917 grid. (12) Steel
perforation 2 mm (not pictured). (13) Matte white.
(14) Brown cardboard. (15) Brown cardboard at back
of baseboard. (16) Clear framing glass.

A majority of the architectural glass samples were
created by laminating multiple pieces of glass together (Figure 3). Select experiments were con-
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ducted on both sides of the glass to investigate the
eﬀects of having the lamination facing the LIDAR or
away from it.

RESULTS
The three sets of experiments reveal important information on how diﬀerent samples are read by the LIDAR. First, the measurements at 55 cm from the LIDAR demonstrate signiﬁcant variation. This is due in
part to the close range of the sample to this particular LIDAR. However, a 55 cm distance is reasonable
to expect when cars are either passing on the road
or parked on the side, or in most indoor navigation
situations. (see Figure 4)
Table 1 demonstrates a few key variations in the
overall data analysis. In particular, two standard samples, 13 and 14, show a standard deviation under 1.5,
while sample 9 is as high as 13.7. Continuing with
sample 9, it can be seen that while both sides 1 and 2
have a similar standard deviation, the measured distance has a large variance. Side 1 shows a maximum
distance calculated of 108.5 cm, while side 2 has a
maximum of 87.5 cm. Equally of interest is the measured distance of the sample from the LIDAR at 55
cm; an error in distance of approximately 100% was
recorded. Comparatively, samples 13 and 14 had a
recorded average distance of 61 cm, with 9 cm of error from the actual distance.

Figure 3
Sample 9,
embossed glass.
Side 1 (left) is ﬂat,
while side 2 (right)
contains a
lamination.

Figure 4
Full sample set of
data for sample 14
(left) and sample 3
(right). Blue circles
are the measured
data points. Red
line is the linear
regression.
Horizontal axis
shows the 1 mm
spacing of samples.
Vertical axis shows
the measured
distance.
Table 1
Results from a 55
cm perpendicular
sample. Sample
numbers
correspond to the
speciﬁc names
described in the
methodology. Both
sides of the samples
were tested. The
average, maximum,
minimum, and
standard deviations
of the data are
displayed, followed
by the average,
maximum, and
minimum errors
from the actual
distance. Color
gradient from white
to red , where red is
the highest value
per column.

The large variation in data of sample 3 compared to
other samples is likely attributed to the random structure of ﬁbers embedded in the glass (Figure 2, sample 3). This sample, while not containing the same
properties as textured glass, demonstrates the diﬃculty architects and designers may have in assuming
which building materials improve LIDAR accuracy.
As described in the methodology, multiple
passes of data collection were done on each sample.

This ensured the data being used in analysis were
not random and were repeatable. Figure 5 shows a
plot of four scans of sample 3 described above. This
graph demonstrates that the repeatability of the experimental setup was strong and the data are reliable.
The second experiment was performed at a distance of 106 cm and perpendicular to the LIDAR. The
backplate to the system is located 120 cm from the LIDAR. With the measurements of samples 13 and 14,
the most accurate distance measurement from the LIDAR can be seen as 110 cm (Table 2). Sample 16 in
the table is the measurement with no sample and directly measuring the backplate, with a measurement
of 124 cm.
In this experiment, sample 3, which had a large
deviation in measurements in Table 1, has been
largely normalized in relation to other samples. In
this test, the largest errors in measurements came
from samples 1, 9, and 11. When inspecting the data
of sample 1, a clear repetitive pattern can be seen
(Figure 6).
While this sample had a higher error rate than
others, the reliable repetition corresponding to the
patterned glass provides the most opportunity for
controlled data communication through LIDAR. If architects use patterned glass that can provide dimensional information on a 2D surface, autonomous vehicles can gain information about the environment.
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By modifying the frosted pattern on the glass, information such as the start or end of a wall can be embedded into the wall, acting as a type of binary communication through the material. Additionally, glass
installations using this system could have unique information notifying a robot or vehicle that it is a door
rather than a wall, as well as the direction the door
opens.

The largest errors recorded were in samples 9 and 11.
Both of these samples have an embossed square grid
pattern, as seen in Figure 2. By comparing the two
sides of sample 9, it is clear the orientation has a signiﬁcant eﬀect on the sampling accuracy. Side 1 is
the ﬂat glass, non-embossed side, with a 15 cm error, while side 2, containing the embossed glass laminate, had a 5 cm error.
As the angle of reﬂection has a signiﬁcant effect on the ability for LIDAR to measure the materials distance, the experiment of 106 cm distance with
a 45-degree angle was conducted. This experiment
shows the largest problem with glass for measuring
distance with LIDAR. As seen in Table 2, sample 15 of
the backplate shows a distance reading of 124 cm. As
the samples are located with the center of rotation at
106 cm and in front of the backplate, the averaged
measurements of 124 cm demonstrate the inability
of LIDAR to accurately sense the material. In particular, sample 3, as with the ﬁrst experiment, had the
highest error, with an average measurement of 133
cm. As the maximum value should be the backplate
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of 124 cm, sample 3 demonstrates a dangerous situation in which the LIDAR reads a value far beyond the
actual location (Table 3).
While any errors in accurately measuring the distance of a material from the LIDAR are dangerous in
autonomous navigation, false readings of a wall being further than it is can give a robot or autonomous
vehicle a false understanding of how much space is
available for maneuvers or manipulation. Furthermore, it is not only the glass samples that were found
to have errors, but the plastic of sample 6 as well.
Conversely, the plastic of sample 5 was the most accurate sample, with the exceptions of the matte plastic and cardboard used as base measurements.
For metal façades, circular perforations in metal
of 2 mm or less are able to facilitate an accurate
measurement as seen in Tables 1-3, sample 12. The
accuracy of these measurements also demonstrate
the usefulness of metal in facilitating accurate LIDAR
sensing over glass.

Figure 5
Each color
represents the data
collected on a
single pass across
sample 3. The
vertical axis shows
the distance
recorded by the
LIDAR. Horizontal
axis shows the 1
mm spaced steps
during the
sampling.
Table 2
This table shows the
results from a 106
cm perpendicular
sample. Sample 15
is the backplate,
and sample 16 is
clear glass. Color
gradient from white
to red , where red is
the highest value
per column.

Figure 6
Sample 1 data set at
106 cm
perpendicular to
the LIDAR (left).
Pattern on the
sample 1 glass
(right).

Table 3
Measurements from
experiment at 106
cm distance with a
45-degree angle to
the LIDAR.

The measured results of the glass samples showed
a large range of errors. These errors were not consistent among the diﬀerent glass samples, nor was
the error consistent among the varied angles of the
material. The experimental data collected demonstrate how an autonomous vehicle relying on LIDAR
may not only miss a glass wall during the 3D map
building, but incorrectly determine its location. More
speciﬁcally, the use of architectural glass poses a signiﬁcant challenge for interpreting LIDAR data, a topic
that has yet to be discussed in any signiﬁcant amount
within both architecture and autonomous navigation. While algorithms have been developed to understand noise in LIDAR data, and to a certain point
the data created by scanning large metal perforations, the integration of autonomous navigation, indoors in particular, can be greatly delayed due to the
use of these materials.
Although the use of oﬀ-the-shelf architectural
glass in these experiments demonstrates the diﬃculty in accurate LIDAR building mapping, it does not
mean that architectural glass cannot be used at all.
Rather, the data ﬁndings show how speciﬁc angles
and surface textures of the glass are still able to be
accurately sensed. By understanding this relationship, alternative embossed glass can be developed

in which patterns are coded into the material itself,
feeding a ‘message’ to the LIDAR map-building algorithm to inform an autonomous vehicle of the actual
location of the boundary, and could be taken further
to codify general information that may be imperceptible to people beyond seeming like a textured glass
pattern.
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DISCUSSION
Multiple methods can be implemented in order to
enable glass to be visible to LIDAR. While options exist for the type of glass itself, coatings can be used on
top of the glass. In this paper, the most promising
results for utilizing the architectural glass in design
are with sample 1, a glass by Carvart (model C135),
using a frosted pattern. These types of patterns can
be integrated into the built environment not only
to improve the ability for robots to scan the environment, but to increase the information communicated to the robot through materials. This ability is
becoming more relevant as robots and autonomous
vehicles integrate within human spaces, such as autonomous personal mobility vehicles or robotic baggage carriers in hotels.
An important aspect to understand in the LIDAR
sampling is the ability for onboard algorithms to average and estimate the correct LIDAR value. Furthermore, the starting position of the LIDAR may also affect the results due to these estimation algorithms.
In this paper, the experiments were done with the LIDAR beginning to scan on the barrier and staying on
across the sampling range in order to provide consistency. Some limitations to this experimental setup
exist. As the LIDAR relies on optics, reﬂections of
the beam on glass samples may have a diﬀering effect in various environments. A larger isolated room
with a suspension system for the samples would give
a more isolated analysis of the glass samples. Likewise, more experiments are needed to see how various lighting sources, both natural and artiﬁcial, can
also inﬂuence the LIDAR measurements.
This research study identiﬁes limitations of the
use of LIDAR sensor for autonomous navigation
within the built environment, particularly in the indoor applications where the majority of interaction
surfaces are made of manufactured materials such
as glass. The study also points to opportunities designers and architects face when considering autonomous mobility and robot-friendly environments.
Beyond ensuring that materials used cater to the
needs of autonomous vehicles, architects and de-
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signers can take an active role by intentionally integrating landmarks, analogous to braille, into the environment. While this would be best done by a uniﬁed
standard, various methods could be developed and
the speciﬁc method for a building released to developers for the vehicle or robot to automatically switch
depending on their location. Finally, architects could
provide leadership in material research developing
embedded technologies that would facilitate a transition toward autonomous mobility-enabled buildings and cities.
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