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A profilometer is a device that moves across the surface of a material sample and outputs the surface’s roughness 

value or as a two-dimensional topography plot. Throughout the course of the semester, the team built a functioning 

prototype of a stylus profilometer while remaining significantly under the required budget. In addition to 

assembling a working prototype, the team created the design files for all custom 3D printed pieces, made a bill of 

materials complete with a list of suppliers for each component, and wrote an assembly manual with guiding 

images to build the profilometer. For the electrical aspect of this project, the team has supplied circuit wiring 

diagrams and detailed Arduino and Python code files to run the profilometer. The designs of this do-it-yourself 

(DIY) prototype are open source. It is easy to build and assemble by any person with limited technical experience 

or resources. 

 

 

I. INTRODUCTION 

Profilometry is a technique used to map 

topographical data from the desired surface. This 

data can be translated into a single point, a single line 

or multiple lines to create a full 3D scan. The main 

purpose of profilometry is to collect and record the 

surface features, roughness, and step heights of a 

material.  

Stylus profilometry uses physical contact 

with a material to take measurements. This direct 

contact allows for the surface geometry of the 

material to be mapped effectively as it produces 

relatively precise and accurate measurements. A 

downside to this method is that, since physical 

contact with the sample is required, the possibility 

that the sample will be damaged during testing is 

high, especially for softer materials.  

Stylus profilometers work by physically 

moving a probe along the surface of a material to 

obtain the surface's height as it varies throughout the 

material. This is accomplished by implementing a 

mechanical feedback loop that records the force 

returned by the sample on the probe as it travels over 

the material surface. As the stylus moves across the 

surface of a material sample, the change in the z-

position of the arm is translated to a sensor that 

converts the physical motion to electrical signals. 

The sensor then returns the converted signals back to 

distance measurement using a computer and creates 

a reconstruction of the surface of the material1.  

We designed and built a prototype stylus 

profilometer to measure and plot surface topography. 

The device measures the change in the height of the 

surface relative to a neutral axis and plots the vertical 

position as the stylus moves.  

II. METHODOLOGY  

The two main aspects of the design control the 

motion of both the stylus tip and the sample. The 

intention of this project was to produce an accessible 

solution to building a profilometer. With this in 

mind, we created the x-axis using a lead 

screw/smooth shaft assembly and a sheet of acrylic 
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to create the stage for the sample (see BOM in 

Appendix A). This kit came with all of the necessary 

pieces to connect the shaft to the bottom of the stage 

and a shaft coupling which we used to connect the 

lead screw to the DC motor. We chose a DC motor 

with a rotary encoder to produce the motion of the 

stage as it provided adequate torque with minimal 

vibration (See Appendix B for analysis). Software 

coupled with a motor driver provides precise speed 

and position control. Table 1 highlights the technical 

requirements and practical constraints that guided 

the design process of the project. 

 

Table 1. Requirements and Constraints  

 

The final prototype met all of the demands outlined 

in the table. Additionally, the setup time and tip 

replacement time were short, meeting the ideal times 

specified. 

The z-axis assembly moves the stylus 

vertically to contact the material surface. We used a 

manual linear stage actuator to accomplish this, as 

shown in Figure 1. 

 

 
Figure 1. Full CAD Assembly3 

 

This actuator provided a simple method of lowering 

the stylus body to the material's surface and then 

locking the tip in place at the height for the duration 

of the scan.  

 The remaining components for our design 

were machined and 3D printed; the files for all of the 

components, including the custom 3D printed pieces, 

can be found in Appendix C. 

 In the field of contact mechanics, the 

interaction between the tip and the sample can be 

modeled by a sphere in contact with an elastic half-

space2. This system is governed by Equation (1). 

 

 
𝐹 =  

4

3
𝐸∗𝑅1/2𝛿3/2 

(1) 

 

Where F is the horizontal force applied by the tip, 𝐸∗ 

is the effective modulus, R is the tip radius, 𝛿 is the 

deflection of the sample. The effective modulus is a 
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constant based on the elastic modulus and Poisson’s 

ratio of the tip and sample, as shown below in 

Equation (2). 
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Plugging the properties of the tip material into 

Equation 2 and plotting the effective modulus using 

ANSYS Granta EduPack results in the following plot 

shown in Figure 2. Since the profilometer should be 

usable on a variety of sample materials, the 

acceptable material properties of the sample are not 

a specific value but a range of numbers that can be 

used to define the materials that can be measured 

with this device (See Appendix D Figure D.3). 

The typical tip radius for a profilometer is on 

the order of 2 to 5 microns. With this in mind, we 

used a scanning electron microscope (SEM) to 

measure the radii of various types of needle tips. The 

most favorable option was an insulin needle because 

it had a threaded attachment that would allow it to be 

easily connected to the rest of the stylus assembly. 

This needle was found to have a 5-micron tip radius, 

as shown below in Figure 2.  

 

 
Figure 2. SEM Image of Insulin Needle Tip 

 

The stylus tip’s movement is detected and translated 

into an electrical signal by a linear variable 

differential transformer (LVDT). A magnetic core is 

attached to the stylus tip and slides through the 

LVDT’s electrical windings, which produces a 

highly sensitive differential voltage output.4 The 

LVDT sensor output is recorded by a 16-bit analog-

to-digital (A/D) converter via a voltage divider 

circuit. The A/D converter communicates digitally 

with an Arduino UNO, which sends all recorded data 

to an attached computer for ease of use (see 

Appendix D). The assembly is powered by a single 

24V AC-DC transformer which uses a bipolar 

converter for the LVDT sensor and a buck converter 

for the DC motor.  

 Both Arduino and Python software instruct 

the DC motor driver to initiate the scan while the A/D 

converter and motor encoder record data. The 

Arduino code manages the data acquisition while the 

Python code sends commands and organizes serial 

data into a .csv file for scientific use. (Appendix E) 

 As the goal of this project is to create an 

open-source prototype, assembly instructions for the 

profilometer can be found in Appendix F. 

 

III. RESULTS  

Calibration testing was conducted to determine 

precision and hone the device's accuracy. 

Profilometer manufacturers traditionally calibrate 

their devices using surface roughness reference 

standards, samples with known topography which 

can be measured by the profilometer. The device's 

output is then compared with the theoretical value of 

the specimen.  

Our team selected a surface roughness 

reference standard to purchase and use for our 

calibration experiments, but the cost was preventive. 

Thus, we machined our own test specimen for 

calibration. 

Using a mill, the team machined an 

aluminum specimen with four steps, each varying by 

0.004 inches, or 101.6 microns. Steps of 

approximately 100 microns were chosen because 

they would challenge the system's operational range 

and present a clear change in the surface profile that 

could not be mistaken as signal noise. Greater 
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machining precision was not available due to both 

cost and lead time. 

 

 
Figure 3. Custom Roughness Specimen 

 

Running the profilometer across the smooth portion 

of the specimen of Figure 3 resulted in a tight noise 

tolerance (see Figure 4). The value varied by less 

than 1 micron (~0.77 microns) and confirmed that 

signal noise would not contribute significantly to 

readings. 

 

 
Figure 4.  Noise Output Plot for a Smooth Surface 

 

Next, the team used the profilometer to move across 

the steps on the machined portion of the custom 

roughness specimen. Figure 5 shows the same drop-

step on the machined surface for two separate trials. 

 

Both trials displayed a step of approximately 

60 microns, while the machined sample had a 

theoretical step of 100 microns. However, the 

resolution of the milling machines in the student 

machine shop is 0.001 inches or 25.4 microns. 

Figure 5. Output Plot for a stepped 

specimen from two separate scans. 

Therefore, the difference between the two steps 

machined into the specimen could be as low as 75 

microns. Combined with the burrs and machining 

marks left by the endmill, the 60-micron step is a 

reasonable reading considering the inherent 

shortcomings of the machined specimen as opposed 

to a purchased roughness specimen. 

 

IV. CONCLUSIONS 

The UTME Profilometer project sought to design 

and prototype a working, low-cost stylus 

profilometer that provides ample functionality for 

lower-precision operations. Overall, the UTME 

Profilometer team designed and built a functional 

stylus profilometer for a total cost of $817.39, which 

is well within the desired $1000 budget.  

Additionally, we met all of the desired 

specifications and requirements set forth by the 

sponsor. Some adjustments and improvements could 

improve the functionality of the design. One key 

issue is the calibration of the LVDT sensor. The rated 

maximum stroke of the LVDT sensor is only +/- 1.25 
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mm above and below the LVDT null point. This 

small operational range makes sensitivity calibration 

cumbersome. The core is often pushed out of the 

range when making contact with the sample during 

the scan. We recommend looking into a different 

LVDT sensor setup. Many manufacturers produce 

“captive-core” LVDT sensors that do not require in-

depth null-voltage calibration. This option was 

unavailable due to factory lead time and a longer 

stroke range was not available at the necessary 

sensitivity. The sensor calibration provides the 

foundation for the entire profilometer design; any 

improvement to calibration vastly improves 

profilometer performance. 

 The electrical circuitry is connected using a 

breadboard and jumper wires. With more experience 

and better equipment, a soldered circuit would be 

more aesthetic and organized. A soldered setup 

would allow “plug-and-play” replacement of IC 

components in the circuit. An attempt was made to 

create a soldered set up on printed circuit boards 

(PCBs), but novice craftsmanship reduced electrical 

performance and potentially endangered the LVDT 

sensor. Thus, the idea was tabled for later. 

 Lastly, the base material would benefit from 

modification. Wood was chosen for its affordability, 

accessibility, and ease of assembly (only requiring a 

common drill). A steel or aluminum base with 

machined holes could increase the accuracy of the 

stage construction and profilometer accuracy, though 

it would reduce the design’s accessibility to 

inexperienced hobbyists. Wood is less likely to be 

perfectly or adequately flat compared to metal 

surfaces, and the levelness that metal surfaces add 

improves the profilometer readout. Given the other 

more direct issues with profilometer accuracy and 

precision, this improvement should be a final fine-

tuning step in a future iteration. 
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