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ABSTRACT:

Measurement and dimensioning is the primary purpose of the pre-processing stage in many 
generalized strategies for parts repair/remanufacturing. This work reports on a low cost system for 
the dimensioning of worn out parts. The system consists of both mechanical element made up of a 
Hokuyo URG-04LX-UG01 2D scanning laser rangefinder and a rotating mechanism actuated by a 
Dynamixel MX-28 servomotor and consolidated software element integrating motion control and 
point cloud generation. A case study involving the scanning of a rack is reported. 
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INTRODUCTION

Additive Manufacturing technologies such as the Directed Energy Deposition (ASTM, 
2012)(Chua & Leong, 2014) represents the cutting edge in the fabrication of fully functional parts 
and by extension, to repairing of worn parts. The far-reaching effect includes influencing the way 
we design and assemble printable parts for fabrication and repairing. Here, we focus on the latter 
application which consists of digitization of the worn part, comparison of worn with nominal 
geometries and the generation of a Numerical Control (NC) code for machining. 

Laser scanners have been utilized frequently in various manufacturing industries for inspection as 
well as reverse engineering. It helps to generate three-dimensional (3D) digital models for 3D 
printing. 3D scanning also serves as a quality-control method for manufactured components. 
However, most commercial industrial scanning systems are expensive. The initial cost (not 
including training, software and other accessories) is between $10,000 and $100,000 for a standard 
scanner (Aniwaa, 2018). Some of these laser systems are also too bulky to be deployed on-site. 
Moreover, industrial scanning systems may require proprietary 3D reconstruction and modeling 
software, limiting the technique’s availability.  

Hence, there is a need for lightweight and inexpensive 3D laser scanning systems for generating 
accurate models of engineering parts. This paper focuses on the mechatronic and mechanical 
design of a scanning system that generates a 3D point cloud by panning a low-cost 2D rangefinder 
about a central axis. However, the point clouds from such inexpensive scanners are comparatively 
sparse and limited in resolution. This may prevent the formation of an accurate 3D model. To 
remedy this, the software attempts to recognize common features such as straight edges, 
cylindrical shapes and chamfers. The software can also be used to generate the nominal model of 
the worn part, when it is not available. In this paper, a rack gear, with involute toothing according 
to ISO 21771(ISO21771, 2007) was scanned.  
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 OVERVIEW OF THE 3D LASER SCANNING SYSTEM 

Figure 1 depicts the design of the low cost 3D laser scanning system, which consists of a 2D laser 
rangefinder and one servo-motor. The 2D scanning laser rangefinder, as seen in Figure 2, is a 
commercial off-the-shelf product, Hokuyo URG-04LX-UG01 (Hokuyo, 2009). It weighs 
approximately 160 grams and has a compact dimension of 50 by 50 by 70 millimeters. This laser 
rangefinder is capable of producing a 2D scan with a field of view of 240 degrees at an angular 
resolution of 0.352 degrees. The rangefinder scanner rotates in an anti-clockwise direction when 
viewed from the top and its scanning frequency is 10 Hertz. The maximum and minimum scanning 
range of this rangefinder is 4 meters and 0.02 meters respectively. It can be powered through a 5V 
DC USB bus power with a nominal consumption of 2.5W. The light source of the rangefinder is 
infrared laser of wavelength 785 nm with laser class 1 safety. 

The 3D laser scanning system has been designed based on the performance of the Hokuyo 2D 
laser sensor, which is having a fast scanning response as well as a large 2D field of view. The 
implemented 3D scanning system weighs 2.5 kilograms and its dimensions are 170 by 120 by 155 
millimeters. The range limits are exactly the same as that of the Hokuyo laser rangefinder (i.e. 4 
meters maximum and 0.02 meters minimum). 

The mechatronic design comprises the mechanical system as well as the software system, which is 
made up of the motion controller, the sensor driver interface and the point cloud generator 
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Figure 2: The Hokuyo URG-04LX-UG01 rangefinder and its scanning range 
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Figure 1: The front view of the implemented 3D Laser Scanning System and its scanning range
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modules. These components and their relationships, which are described in the following 
subsections, can be seen in Figure 3. The total cost of the laser scanning system is less than $2000. 

Hardware Configuration 

The mechanical system is a rotating mechanism provided by a servo-motor attached to a cast iron 
base that weighs about 2 kilograms. The base can be replaced by one that is more lightweight in 
future. The servo- motor used in our 3D laser scanning system is a small and powerful Dynamixel 
MX-28 DC servo-motor. The torque of the servo-motor is 25 kg.cm and it weighs 72 grams with 
dimensions of 35.6 by 50.6 by 35.5 millimeters. The Hokuyo rangefinder is mounted to an 
aluminum mounting plate, which is appended to the servo-motor, as seen in Figure 1. The rotating 
mechanism would allow a sweep of yaw angle about the Z-axis. We have assumed that the fixed 
world coordinate frame associated to our 3D laser scanning system has its origin at the optical 
centre of the 2D laser rangefinder, as shown in Figure 1. The minimum yaw angle can be 
configured to degrees and the maximum yaw angle at degrees. The 3D laser scanning 
system also consists of a power module that provides regulated direct current (DC) so as to supply 
a 5V DC to the Hokuyo 2D rangefinder and 12V DC to the Dynamixel servo-motor.  

Software Architecture 

The software system has been implemented on an Intel NUC Kit D54250WYKH computer. The 
specification of the computer can be viewed on (Intel, 2018). Similarly to the base, the computer 
can be replaced by one that is smaller and more lightweight, such as a single-board computer like 
the Raspberry Pi (RaspberryPi, 2018) or Beaglebone (BeagleBoard, 2018), in the future. The 
operating system of the computer is Ubuntu 14.04LTS and the ROS (Quigley et al., 2009) have 
been installed as the middleware to facilitate the inter-process communication. 

The sensor driver software module has been implemented to provide a communication interface to 
the SCIP 2.0-compliant Hokuyo 2D laser rangefinder. The rangefinder sensor is connected to the 
host computer via an USB cable. The sensor driver module would establish a USB2.0 full speed 
bus connection to the sensor, utilizing the Communication Device Class (CDC) standard provided 
by the USB port micro controller. This established interface would allow the host computer and 
the laser sensor to exchange data using a set of predefined commands in SCIP2.0 format, which is 
based on ASCII. The host computer initiates the communication by sending a SCIP (Scanning 
sensor Command Interface Protocol) command and the sensor would reply with the information 
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Figure 3: Main components of the 3D Laser Scanning System

Point cloud 

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

585



related to that command. There are 13 types of predefined SCIP2.0 commands (Kawata, 2006), 
including commands for getting different kinds of distance data at different resolutions. The 
acquired scan readings are then published on the middleware so that the point cloud generator 
module can subscribe and process the information. 

The motion controller software module controls the movement of the Dynamixel servo-motor. As 
the motor is also connected to the host computer via an USB cable, a serial communication 
interface has been established to facilitate data exchange over the connection. The motor is 
controlled by receiving instructional packets as well as returning status packets, and these packets 
are represented in hexadecimal numerical format. The motion controller would command the 
motor to move between two positions (  and ) such that the rangefinder would rotate 

 degrees about the z-axis, as shown in Figure 1. 

The point cloud generator module would take the motor encoder readings as well as the 2D scan 
readings to calculate the Cartesian coordinates for the 3D scan points. As the Hokuyo 2D scanner 
has been rotated 90 degrees about the y-axis and that the motor would rotate the 2D scanner about 
the z-axis, the position of the laser point (px, py, pz) are calculated using Equation 1, where d is the 
measured range,  is the 2D scanning angle and is the motor yaw angle.  

(1) 

The calculated 3D points are added to a rolling buffer and are assembled to form a point cloud. 

SCANNING OF A RACK GEAR FOR 3D PRINTING 

This section presents the scan example of a rack gear. The scanning setup is as shown in Figure 
4(a). The distance between the scanning system and the rack gear is approximately 50 cm, and 
only the side of the rack gear has been scanned for this work. The resolution of motor yaw angle 
( ) has been set to 0.5 degree. The point cloud, as obtained with Equation (1), is visualized with 
ROS rviz (Quigley et al., 2009)(Dave & Josh, 2018) and is as depicted in Figure 4(b). Figure 4(c) 
shows the same point cloud but zoomed in to display the rack gear.  

Figure 4: (a) Scanning Setup (b) Scan Result (c) Zoomed in Scan Result 
(a) (b) (c) 

Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

586



DATA PROCESSING OF THE SCANNED POINT CLOUD  

The data processing is of equivalent significance to the scanning procedure itself. It is a vital step 
to make sense of the acquired point cloud and extract useful information for the application. In this 
paper, the objective of scanned data processing is to reconstruct a surface model of a known part 
from the point cloud. The reconstructed model can be used as the nominal model for the repair 
process. It can also be used to generate the numerical control paths for 3D printing or 
remanufacturing. Our goal is to provide an automated repair solution for worn parts or mechanical 
component through geometry reconstruction (Gao, Chen, Yilmaz, & Gindy, 2008)(Gregor et al., 
2014). The intermediate goal is to provide for a portable and inexpensive laser system, as well as 
an interface to automatically generate the nominal geometry of the part from the scanned data.  

As this paper focuses on the design and development of the portable 3D laser system, the data 
processing procedure to generate the nominal geometry of the rack will be discussed in brief. 
Figure 5 illustrates the steps taken to process the scanned data, as well as the result of each step. 
First, the point cloud of the rack gear is segmented manually from the scanned data. The 
segmented point cloud is then projected onto the XZ plane. Subsequently, the concave hull as well 
as the bounding box is computed and this provides the dimensions of the rack gear. Lastly, we 
estimated the location of the tooth tips and compute the gear contour using the equations, as shown 
in Table 1. The result of the computed variables is compared with the ground truth measurements 
of the rack gear, as shown in Table 1. The physical measurements have been made using a vernier 
caliper. The average accuracy is 98%.  

Table 1: Modules used to compute the Variables of the Rack Gear Contour 

Module
Name Variables of the rack gear Result Ground 

Truth Accuracy  

Compute 
Bounding 
Box  

L = length of rack 72.1767 mm 75.000 mm 96.24% 

H = height of rack 122.368 mm 122.56 mm 99.84% 

Estimate 
Tooth Tips 

n = number of tooth tips, 5 5 100% 
C = {Pc }n, where  
Pc = Centroid Position of Tooth Tip Not

measurable 
Not

measurable 
Compute 
Gear
Contour 

Module, 7.79017  
Tooth height, 17.5279 mm 17.950 mm 97.65% 
Tooth Tip width, 

) 6.56599 mm 6.7800 mm 96.84% 
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Figure 5: Data Processing Procedure to Generate the Gear Contour
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 CONCLUSION AND FUTURE WORK 
The design and development of a low-cost, lightweight and low power demanding 3D laser 
scanning system has been described in this paper. The system is based on rotating a commercial 
2D rangefinder scanner about the z-axis. The data processing of the scanned point cloud has been 
described in brief. Currently, the rack gear contour has been computed using the scanned data and 
the accuracy is 98%. The future work includes extrusion of the generated gear contour to form the 
3D model, as well as to generate a stereo-lithography (STL). 
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