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Abstract- A self-designed and constructed machine destined to biaxial tension-torsion tests (MBTT), has been developed. 

This machine is destined to carry out tests under this modality of loading on membranes with the thickness from 50 to 1500 

m. Control of this machine is implemented by the software Arduino 1.8.1, which is an open, easy and reliable software. 

Detailed description of the machine's elements is included and the listing of the control Arduino program is developed. The 

technical capacities of this machine are: from 1 to 70 MPa of tension load and up to 180 degrees of torsion, from room 

temperature to 80° C, and environmental to saturated humidity. In order to validate this testing machine, tests are obtained on 

the Nafion 115 material used as proton exchange membrane in the fuel cells, which thickness is 127 m. These first 

experimental tests were obtained under the following conditions: room temperature (22-25° C), environmental humidity 

(50-55%), tension loading of: 40, 45, 50, 55 and 60 MPa, and a constant torsion angle of 50.  Experimental results show the 

capacity and reliability of this machine, which are discussed in the last section of this paper, together with general comment 

of these first results. 
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I. INTRODUCTION 

 

Concerning the testing material used in this machine 

for the first test: Nafion 115; this is a polymer 

membrane. These materials have been used the last 

decades in a widely number of applications, such as: 

building material, electricity, separation and filtration 

process and others. All these applications are involved 

with their mechanical properties, such as: tensile 

strength and fatigue [18]. One common application of 

membranes is the polymer membranes used as 

electrolyte (proton exchange membranes) in fuel cells 

for electrical energy production; furthermore, the 

polymeric membranes can be also used as 

ultra-filtration membranes (desalination, water reuse, 

gases capture, and so on) [1], [2], [3], [4]. Currently, 

there are constant researches to improve the chemical 

and electro-chemical stability, mechanical strength, 

manufacturing costs, and so on. Polymer membranes 

have been more studied respect its chemical and 

electro-chemical properties [5], [6], [7], [8], [9]; 

however, the mechanical properties have been 

relatively less studied [10], [11], [12], [13]. With aim 

to investigate the mechanical properties of membranes 

under the tension-torsion modality, the present work 

is focused on the design and construction of a machine 

for mechanical testing under the described modality, 

of membranes. 

There are already devices used for mechanical testing 

on polymer membranes such as the described by 

Roham et al. They subject under tension polymer  

 

membranes of Nafion (perfluorosulfonic acid) with 

controlled environment. However, the equipment 

described in this work is not accessible and do not use 

an open source technology [28].  

 

Others investigations on membranes under 

mechanical testing (subject to tension) are the 

research carried out by Ramin et al and Aindow et al 

[11], [12], [13]. In the last work, is reported the 

strength of the membrane under cyclic loading. The 

experiments were performed using a Dynamic 

Mechanical Analyzer (TA instruments Q800 DMA) 

with humidity accessory. This equipment presents 

advantages; however, there are also disadvantages 

such as the restricted accessibility and, ones again, not 

an open source technology.              

Another device used for testing in membranes is the 

developed by Gang et al [14]. They carried out testing 

in polyvinylidene fluoride (PVDF) ultrafiltration (UF) 

membranes. This type of membrane is used in 

chemical industry, food, water treatment, and so on. 

The developed device subject membranes PVDT 

under biaxial tension: the load tensions are in 

longitudinal and transversal direction, then, 

specimens are in cruciform shape. The device used in 

these experiments could be more accessible than the 

described previously; nevertheless, it does not have 

torsion modality or environment control.     

  

Finally, reported research using a developed device for 

experimental tests in the modality of tension and 
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torsion (not used in membranes), is attributed to Eric 

Q. P. et al [15]. They performed mechanical tests 

under the mentioned modality to the scapholunate 

interosseous ligament (SLIL), in order to study and 

evaluate the cyclic torsional and tensile properties of 

the native SLIL. Nevertheless, this device does not 

have the capacity for environmental control, neither is 

conditioned to test in membranes. 

 

According to the knowledge of the authors and the 

bibliography reported, there are not a device that has 

the characteristics of the device presented in this work. 

The principal characteristics of this machine are as 

follows: mechanical controlled testing in biaxial 

modality tension-torsion for membranes, open sources 

technologies and environmental control. For these 

reasons, the device present in this work is assumed 

innovative and original. 

 

II. MATERIALS AND METHODS   

 

The design methodology used for this device is based 

on the following characteristics; use FOSS and FOSH 

(for programming and control), accessible 

components, easy design and programming.  

 

The device is designed considering environmental 

control parameters: temperature and environmental 

humidity; then, the assembly of some components 

used for the device are inside of an acrylic box (camera 

for environmental control); this allowing easier 

control for the mentioned parameters.    

 

2.1 Mechanical architecture 

When a new equipment that is not commercially 

available on the market is going to be designed, in 

most cases, it is necessary to design the components 

that will be used in the prototype. All the mechatronics 

elements used in this device (MBTT), both: designed 

and commercially components, are modeled in a 

Computer Assisted Design (CAD) software 

(SolidWorks 2017). Designed and commercially 

components are showed in the general assembly 

(Fig.1). The principal components of the developed 

testing machine are shown below.          

 

1. An acrylic box of dimensions: 20 x 15 x 15 cm3 

as shown in Fig. 1, in this box are most of the 

components necessaries for carrying out the 

experiments. 

2. Two plates to support step motors used for 

torsional motion, shown in Fig. 1. One plate is 

fixed and the other is a mobile. 

3. Two jaws to subject the membrane specimens. 

These components were manufacturing in CNC 

lathe, the manufacturing material is aluminum 

and it is designed for specimens of 10 mm of 

width. 

4. One bearing of aluminum manufactured in 

CNC lathe, shown in Fig. 1. 

5. A bi-polar step motor NEMA 23 with a holding 

torque of 13 Kg-cm (180 oz-in), 200 steps per 

revolution and a precision of ± 4 µm in 

longitudinal motion. This motor is the 

responsible for impose tension load in the 

membranes under study. This element is also 

shown in the assembly of Fig. 1. 

6. Two step motors 28BYJ-48 with a precision of 

±0.1 degrees; these are the responsible of 

impose torsion in the membranes. 

7. An ACME thread spindle with 8 mm of 

diameter. 

8. Four thermocouple heaters for controlling the 

temperature inside the acrylic box.   

9. A temperature and relative humidity sensor 

DHT21. 

10. Coupling 8 mm to 8 mm.  

11. Pipe for introduce the humidity. 

12. Ultrasonic humidifier 24V model HUM-24, 

humidity generation 400 ml/h, continuous 

work of 10 hrs/day 

 

 
Fig. 1. Assembly of the device for biaxial: tension-torsion tests 

 

Number of 

component 

Component Quantity 

1 Acrylic box 1 

2 Mobile plate 1 

3 Fixed plate 1 

4 Jaws 2 

5 Bearing 1 

6 Step Motor NEMA 23 1 

7 Step motors 28BYJ-48 2 

8 Spindle 1 

9 Thermocouple heaters 4 

10 Temperature and 

humidity sensor 

1 

11 Coupling 1 
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12 Tube for humidity 1 
Table 1. General listing of mechatronic components of the 

MBTT 

2.2 Electronic architecture 

Fig. 1 shows a general assembly of the device tests, 

where is shown mechanical and electrical parts. 

However, is not shown all electric elements. In Fig.2 is 

shown the circuit diagram with all the electric 

components used for the device tests. Some 

components shown are: microcontroller, step motors 

28BYJ-48 (with control drivers ULN2003), step 

motor NEMA 23, thermocouple heaters, Ultrasonic 

humidifier and so on.      

 

 
Fig. 2.  Circuit diagram of  the device for biaxial: tension-torsion tests 

 

2.3 Software architecture   

The control system used for the device MBTT runs in 

a file written in the software Arduino. In which, the 

user types the instructions. The code is written for 

different test modes like: oscillate the two motors used 

for torsion, oscillate each individual motor, move 

independent motors. The code is available on the 

Open Science Framework [16]       

 

2.4 Calibration of tension motor 

The motor NEMA 23 is the responsible to induce 

tension on the membrane, which is linked to the steps 

of the motor. The motor rotates 200 steps to complete a 

twist of 360 degrees, this generate a linear movement 

of 8 mm. In others words, the motor rotates 1.8° per 

step or it moves 40 µm in linear displacement. The 

code written in Arduino is for controlling the steps of 

the motor, which are linked to the stress generated 

when the membrane is stretched (the displacement 

generated per step).  

 

To make sure we have a good control of tension, it is 

verified the real displacement of the motor NEMA 23 

(theoretically 40 µm per step). This is checked by an 

inductive proximity sensor, the results showed a linear 

displacement of 22 µm per step. To obtain the stress 

generated per step, is carry out a numerical simulation 

in the software ANSYS 16.2. The results obtained 

indicates 6.2 MPa of stress per step (22 µm). 

The algorithm for all the control used in the device 

MBTT is shown below. And in Fig. 3, is shown the 

Flowchart for the general programming logic used in 

the MBTT 

 

1. Set variables with the physical configuration of 

the system (speed, steps per revolution of the 

motor and variables of the system control, 

humidity, temperature, movement parameter, 

parameter value, counter and displacement). 

2. Set variables with the configuration of the 

Arduino microprocessor (reading delay of the 

serial port, output pins and data entry). 

3. If the user does not finish the program, 

continue execution. 

4. Write the temperature and humidity values. 

5. Read parameter and movement value. 

6. Convert the value of movement to number of 

steps of the engine. 

7. If the movement is oscillation of both motors 

execute steps from 8 to 16. 

8. Set initial sense and step counter to zero. 

9. Start motors. 
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10. If the oscillation stops, turn off motors and 

return to step 3. 

11. If the step counter is less than the number of 

steps to be taken. 

12. Turn motors in the initial direction and 

increase the step counter by one. 

13. If the step counter is greater than or equal to the 

number of steps. 

14. Change the rotation direction of the motors. 

15. Set counter steps to zero. 

16. Return to step 10. 

17. If the movement is tension, execute step 18 to 

24. 

18. Set the initial sense and step counter to zero. 

19. If the step counter is less than the number of 

steps to move 

20. Move the motor in the indicated direction 

21. Increase the counter in one 

22. Return to step 19 

23. If the step counter is greater than or equal to the 

number of steps to be moved 

24. Return to step 3 

25. If the movement is oscillation of a single motor 

26. Execute steps 8 through 16 for a single motor. 

27. If the user ends the program, go to step  

28. End of program.   

 

 
Fig. 3. Flowchart showing the general programming logic used in 

the MBTT 

III. RESULTS  

 

To validate the operation of the MBTT were 

performed experiments on a proton exchange 

membrane Nafion 115 that are used as an electrolyte 

in fuel cells for electric energy generation. Fig. 4 

shows dimensions of Nafion 115 strip used for the 

experimentation. And in Fig. 5 is shown a top view of 

the built MBTT.      

 

The conditions which were performed the tests are to: 

environmental conditions (temperate 22-25 °C and 

relative humidity 50-55%), frequency of 1.2 Hz, 

tensions were varied from 40 to 60 MPa, the torsion 

angle was a constant value of 50 degrees (rotating 25 

degrees for both side of the membrane). The results 

obtained using the MBTT were favorable, they were 

published in a science journal (for more information 

see the work presented by Luis M. et al [17]. 

 

 
Fig. 4. Dimensions (mm) and specimen of Nafion 115 used in the 

experiments 

 

 
Fig. 5. Top view of the built MBTT 

 

The design was simple but efficient, the elements used 

are easy to get. The device worked well during the 

different tests, all the elements responded to the 

control system. Some inconveniences could be the 

time spent to change the specimens for different tests 

and the time takes to increase the temperature inside 

the acrylic box.  
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Due to the fact that the device is a new design, there 

are not published results in membranes under the 

described conditions to compare the result. However, 

the result obtained using the built device are shown in 

Fig. 6. 

 
Fig. 6. Fatigue endurance results for the Nafion 115 strip, under 

biaxial tension and torsion tests and environmental conditions 

 

IV. CONCLUSION  

 

It is developed an innovate device for mechanical tests 

in membranes under the modality biaxial tension: 

torsion. Furthermore, the device has environmental 

parameters control (temperature and relative 

humidity). 

The design is simple and is built with a low cost, most 

of the elements are commercially available and 

inexpensive. 

An interface is developed to a better interaction 

between the user and the device (MBTT)  

All the code for the system control is written in a free 

and open source software (Arduino), the code is 

available on the Open Science Framework. 

With the built device tests were performed to find the 

fatigue endurance for the membrane of Nafion 115 

used in fuel cells. 
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