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Abstract

A portable universal tensile testing machine for single and cyclic loading of superelastic biomaterials is
presented. It’s an alternative to large-sized stationary universal testing machines. The machine is
designed to obtain uniaxial cyclic tension stress-strain curves of materials with a low elastic modulus,
including biological tissues. Its portability allows using it in various conditions: classrooms,
production laboratories, and in the field. An interface has been developed to connect it to a computer.
Computer output of experimental data allows recording and displaying load-displacement curves,
setting the number of cycles, limits, and rate of cyclic deformation. Several examples of testing various
biomaterials are presented. The functional advantage of the device is the wide tensile testing speed
range of 0.01-10 mm s~ ' and cyclic loading, which allow capturing viscoelastic and superelastic
behavior of biomaterials.

1. Introduction

When developing biological implants made from nitinol (NiT1), there is a challenge of characterizing their
viscoelastic properties, stress hysteresis, and delayed unloading deformation under cyclic tension [1-5]. Nitinol
is abiocompatible material that has high physical and mechanical properties, while exhibiting shape memory
effects and superelasticity. Superelastic NiTi materials exhibit adequate biocompatibility paired with high cyclic
deformation without accumulation of permanent strain and loss of mechanical strength [6-8]. To characterize
the mechanical properties of thin wires and knitted meshes made from NiTi alloys, measuring equipment is
required to accurately capture the superelastic behavior of the material during monotonic and cyclic tests at
different tensile strain rates [9—11]. At the same time, the hardware must meet modern digital control
requirements with the ability to display data in real-time during the test, along with saving and processing
obtained data [12-17].

There are several devices available for studying the deformation behavior of superelastic materials, ranging
from simple mechanical devices to automated computerized machines. Devices for cyclic tensile loading of
fibers contain a large number of kinematic joints and nodes, which reduce measurement accuracy, and
sometimes lack digital control and data processing [18—20]. At the same time, there are computerized universal
testing machines manufactured by Instron (USA), MTS Systems (USA), and Testex (China) [21-28]. These
machines have a rigid frame with vertical guides, along which the traverse is moved by a motor. The sample is
secured in the grips, one of which is fixed, and the other is attached to the traverse.

Existing large-sized universal testing machines are stationary: floor-standing or table-top. Of the least bulky
installations, we mention the C41 machine from the Criterion catalog, which develops a force up to 10 kN, with
amass of 60 kg and a height of 2 m [20]. A similar device TB400 from Testex, weighing about 100 kg, is used to
measure the fiber strength [25]. However, this device is not suitable for cyclic loading. The closest device with
similar functionality to the presented design is the Instron 3340 universal testing machine, which has the option
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Figure 1. Developed tensile testing machine: 1—electromechanical unit; 2—control system based on a personal computer; 3—
microscope for video control of the experiment.

of cyclic measurements [28]. The device contains electromechanical and electronic parts. The electromechanical
part consists of a base on which guides with movable and fixed traverses are fixed, a power drive, power supply
units, a movable traverse, load and displacement sensors, and clamps for fixing the samples. The electronic part
includes a control unit. The 38 kg device’s maximum load is 500 N with +0.5% accuracy, and £20 pm strain
resolution (0.15%). This machine is bulky and requires stationary installation. The Instron 5582 universal
testing machine is also analogous to the developed device [25]. This stationary unit has a vertical frame. The
machine has the option of testing samples in a temperature chamber from —100 °C to 320 °C. The strain rate is
in the 0.00001-8 mm s~ ' range with a 2-100,000 N load range. The software does not allow modifying or
reconfiguring the control system.

The closest analog with a horizontal stepper motor as an actuating mechanism is a mobile testing machine
[12], which has a similar layout of the main blocks in combination with a ball screw drive located in the same
horizontal plane as the sample. The deformation of the sample is realized according to a similar scheme, where
one end of the sample is fixed in a movable grip, and the other is fixed in a grip with a built-in force transducer.
The electromechanical unit is located in one housing, and the test speed ranges from 0.001 mms ™' to I mm s~
with the possibility of testing samples up to 50 mm long with a 20 mm maximum travel distance. The device does
not allow testing samples in a cyclic mode. The interface is coordinated through the LabVIEW software package,
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and the platform is designed as a virtual instrument in a graphical format. The analysis of the existing testing
devices suggests that the development of a universal uniaxial tensile testing machine with combined mobility,
compactness, and optimized measurement accuracy, and a convenient interface is needed for testing
superelastic biomaterials.

2. Developed portable device

The presented machine is controlled through a USB interface, which can be connected to a computer using the
‘Line_Tester’ application (figure 1). The majority of the machine parts are commercially available, including the
stock housing made of plastic, making it less expensive than the commercial analogs. When comparing the
capabilities of the developed machine and the universal testing machine Instron 68T-5 [29], it’s important to
make sure that their capabilities are comparable and sufficient for certain tasks (table 1). The developed device
has alower accuracy of positioning, stress, and strain measurements compared with stationary commercial
machines. However, the accuracy of traverse positioning, movement, and sample strain control allows detecting
and recording all the features of the deformation behavior of fiber superelastic biological tissues, elastomers, and
alloys. The developed universal machine is capable of testing small-sized samples made from low-modulus and
tensile strength materials with the corresponding developed forces up to 200 N and a relative elongation of 1%-—
200%. The device allows conducting experiments in the field and laboratory conditions with the possibility of
direct demonstration through a projector or remotely through the internet. The machine design allows video
recording of the sample during the test for further processing, including thermal imaging and digital image
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Figure 2. The main parts of the developed machine: (a)—a stepper motor driver with a radiator; (b)—end switch; (c)—control board;
(d)—impulse power supply; (e) loading frame: 1—stepper motor, 2—fixed supports, 3—helical gear, 4—guides, 5—movable
support, 6—load cell, 7—fixed grip with a wing nut, 8—movable grip with a wing nut.

Table 1. Portable universal testing machine characteristics compared with Instron 68T-5.

Parameter Developed machine Instron 68T-5
Maximum traverse travel distance 300 mm 420 mm
Traverse positioning accuracy 0.15 um 0.0095 pm
Displacement resolution +0.1 pm +0.05 um
Test speed 0.01-10 mms ' 0.0015-50 mms ™"
Maximum load 200N 5,000 N
Maximum number of tensile cycles 1,000 —
Testarea width 250 mm 420 mm
Weight of the device 5kg 62kg

correlation for more accurate strain determination and data analysis. Other options can be developed, including
testing samples in liquids.

The main part of the developed tensile machine is an electromechanical unit with an electronic drive control
block. The combined arrangement of the guides, the movable cross-beam, the load cell, the drive, and the drive
control unitin a single housing ensures the compactness of the machine. The electromechanical unit was
selected based on the machine operational requirements (figure 2). The developed tensile testing machine
consists of the following main components: control board (CP); load measurement board (LMB); servo stepper
motor (SSM); strain gauge (SG); end switches (ES); and power supply (PS). The bridged resistive strain gauge is
optimally designed and sized for integration into the device. The strain gauge was chosen according to required
sensitivity, nominal and maximum load, and overall dimensions. The sensor is used to measure the developed
forces and is mounted on a fixed traverse. Coordination of the sensor indications with the control board
provides control of a stepper motor (SM) through a driver (SMD). The applied load is measured through the
load sensing board (LSB).

The control of the end positions of the movable traverse is carried out by the ESs. Data exchange with a
personal computer (PC) is realized via a USB interface. The control panel includes a 32-bit microcontroller with
an ARM Cortex core, which generates control signals for the SMD. The microcontroller performs mathematical
calculations and processing of the received data from the SG and ES, followed by sending the results to the PC.
The USB interface driver serves as an intermediary between the PC and the microcontroller. The load sensing
board converts the analog data from the load cell into digital values. The LMB includes an analog-to-digital
converter and provides a voltage reference. Data from the LMB to the control panel are transmitted via a serial
portata frequency of 10 Hz. The SMD is powered by a 24 V switching power supply. Control signals are
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Figure 3. Tensile samples: 1—NiTi 60 ym wire; 2—crimped five NiTi bundled wires; 3—NiTi knitted wire mesh; 4—crimpled NiTi
knitted mesh.
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Figure 4. NiTi uniaxial tension samples fixed using: (a) cylindrical holders with wing nuts; (b) crimps.

generated by the computer interface and fed to the SMD through the CP, which sets the speed and direction of
the traverse movement. The accuracy of the stepper motor positioning is determined by its rotation. SMD
divides the standard SM into smaller steps, thereby increasing the positioning accuracy.

The horizontal arrangement of the guides and the movable traverse reduces the height of the device and
allows optimizing its dimensions to achieve a compact layout. The high-precision helical gear has a positioning
accuracy on the order of 1-3 pm. Cyclic measurements require adequate repeatability; therefore, the positioning
accuracy of the traverse is important. The 1.8 degrees two-phase stepper motor used in the developed device has
200 full steps per revolution. The 200 full steps of the SM with 1/16 step precision results in 3,200 micro-steps of
the traverse movement per full revolution of the stepper motor. The helical gear has a 5 mm lateral movement
per revolution (pitch), providing the traverse positioning accuracy of 1-3 pm, which corresponds to about
0.01% strain resolution for a 30 mm long sample. Thus, further reduction of the pitch is not necessary in
this case.

Theload capacity of the tensile machine is determined by the load cell characteristics. The maximum load
cell capacity in the developed machine is 200 N, which is adequate for testing superelastic biomaterials. The load
cell sensitivity is 0.1 g at the 10 Hz data collection rate. When the traverse moves at 1 mm s~ ', 640 stepper motor
pulses are required, 0.1 mm s~ ' speed requires 64 pulses,and 0.01 mm s~ ' requires 6 pulses, respectively. The
relative strain error is proportional to the absolute strain, for example, it is 0.067% for 1 mm absolute strain,
0.67% for 10 mm absolute strain, and 6.67% for 100 mm absolute strain, respectively. Even though the
developed machine is universal, the load cell is fixed to guarantee fixed frame compliance. This approach also
makes it less expensive. Technically, the load cell can be changed, but this needs to be reflected by the proper
calibration and software modifications.

Positioning of the traverse, reading, transmission, and processing of the data occurs simultaneously,
therefore, the 38,400 bits ' USB port data transfer rate is adequate and does not affect the positioning accuracy
of the traverse. The data transfer rate does not affect the overall operation of the device, since the frequency of the
analog-to-digital data conversion rate is 10 Hz.

3. Preparing the device for operation

This device allows testing low modulus and superelastic materials, including thin and ultra-thin wire samples
and biological tissues in single and cyclic loading modes. Implants differentiation according to rheological
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Figure 5. Dialogue window of the Line_Tester software interface: (a) before the experiment, (b) after the experiment.

correspondence is an important factor in the proper selection of the physical and mechanical properties of the
implants and during their further interaction with biological tissues in service. In the long term, the risk of
subjective errors is decreased when using materials with improved ‘implant-biological tissue’ biointerface [30].
The functional advantage of the device, when compared with analogs, is the wider speed range of 0.01-10 mm
s~ . This allows capturing the viscoelastic behavior of bone and porous metal samples since at tensile testing
speeds over 0.1 mm s, this phenomenon is not observed. At the same time, the machine allows testing samples
in a cyclic mode, up to 1,000 cycles.

Special cylindrical clamps are used for the wire samples, where the wire is first wound over the cylindrical
holder before it is secured with a screw, eliminating the stress concentration at the clamping points of the sample
holder. The portability of the device is an alternative solution to large-sized stationary machines, allowing
research in the field. The simple design of the mechanical grips prevents stress concentration and premature
failure of the samples. It allows testing fiber and wire samples without additional sample preparation. In this
case, the wire sample is wrapped twice around the cylinder sleeve and fixed on the lateral outer side with a washer
and a threaded wing nut. This method does not require extra wire sample preparation (figures 3 and 4).

For the small-sized hard-to-fix samples of bones and other materials, it is preferred to secure the sample ends
into universal crimp terminals using a hand crimping tool. In this case, the crimps are fixed on the grippers with
washers and threaded wing nuts. The proper fixation of samples in the grips affects the measurement accuracy
[27,28]. Similar grips are used in other universal testing machines [18, 21-23]. Two types of fixing the samples
are presented in figure 4.

The fracture of the sample does not occur at the grips, but rather in the middle between the grips, therefore,
this method of attaching the samples is reliable. Crimps do not affect the obtained results. The method of
crimping samples with the use of additional fixing inserts creates a fairly reliable connection. To do this, the ends
of the sample are wrapped around with plastic material, for example, copper wire. Then the end of the sample
together with the clip is crimped, avoiding the destruction of the sample material. For each sample, a pre-
selected individual compression force is applied, since the strength of the samples is significantly different. The
grips can be changed to accommodate different types of samples.

The developed universal tensile testing machine is controlled through the USB interface by using the
Line_Tester software written for Windows operating system. The software interface displays the load-
displacement curves up to 1,000 loading-unloading cycles in real-time with the ability to save the data in both
graphical (BMP) and text (TXT) formats. The interface dialogue window allows setting the necessary parameters
of monotonic and/or cyclic tension: strain rate, strain range, and the number of cycles in figure 5(a). The test can
be stopped at any time with the ability to reset all testing parameters, returning the grips into their original
position. The example in figure 5(b) shows the load-displacement curves of the cyclic tension of the 60 ym NiTi
wire deformed up to 5% strain.

The developed universal tensile testing machine also has a portable microscope for visual control and
assessment of the sample deformation uniformity during the tensile test. The microscope transmits a live video
through a USB port to a PC in real-time during the test. This allows controlling the sample stretching process in
real-time, along with recording the video for further processing, including the possibility of using digital image
correlation for strain measurements in suitable samples.

The horizontal sample allows using the microscope on a standard stand without additional brackets or
consoles, opposite to vertical stationary universal tensile testing machines [ 16, 21, 26]. This sample arrangement
allows maintaining the device’s compactness, versatility, and portability. The prolonged usage experience of the
developed universal tensile testing machine demonstrated components synergy and reliability, along with the
repeatable test results. The test data are saved in both graphical and text formats for further processing.
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Figure 6. Cyclic (5 cycles) engineering stress-strain curves of different samples: (a) 60 yum single NiTi wire; (b) NiTi knitted mesh; (c)
60 pm fishing line; (d) NiTi 60 pm 5 wires bundle; (¢) 60 zm human hair; (f) pork skin. The firstloading cycle is red, the second is blue,
the third is green, the fourth is purple, and the fifth is black.

4. Experimental data

Operating experience has shown that the device successfully detects all the features of the deformation behavior
of superelastic and low-modulus materials. The stress-strain curves of NiTi alloys prove that the device is capable
of capturing all features of tensile superelastic deformation.

The obtained stress-strain curves of various materials have individual characteristics captured in figure 6(a)—
(). The engineering stress-strain curves of NiTi wire have characteristic features of superelastic alloys: elastic and

viscous deformation regions during loading; decrease in yield strength caused by phase hardening and non-
linear softening during cyclic unloading; curves overlap during cyclic elastic and superelasticity loading and
unloading regions in figure 6(a).

Engineering stress-strain curves from a bundle of 5 NiTi wires are similar to single wire results in figure 6(d),
with the only difference being the yield stress. The stress-strain curves from NiTimesh in figure 6(b) are similar
to skin in figure 6(f). The softening effect was observed, which depends on the strain levels and the number of
loading-unloading cycles. Each set of experiments consisted of testing 5 or more samples.

Viscoelastic stress-strain curves of 60 pm fishing line exhibited typical superelastic materials and polymer
films behavior in figure 6(c) [31-33], where an increase in residual strain during cyclic loading was found. A 60
pm human hair was also tested. The stress-strain curves from a hair are similar to the 60 gm NiTi wire in
figure 6(e), exhibiting pronounced elastic and viscoelastic regions. An increase in residual strain during cycling
and hardening under load were observed.

Typically, 5 loading-unloading cycles were carried outat 0.1 mm s~ test speed. Samples of different lengths,
ranging from 20 mm to 180 mm, can be tested. The software interface allows setting the initial and final sample
length and the test speed in the 0.01-10 mm s ™' range.

The obtained NiTi wire tensile data were experimentally compared with the literature data from commercial
stationary installations (Instron). Machine compliance has been measured using a structurally rigid connection,
demonstrating a linear transducer response up to a 200 N load. As a result, the elastic modulus data obtained
using the device matched the known data, and the data measured using the commercial universal testing
machine.

The device software controls, displays, and records the load in grams and the absolute strain in mm, and the
data are saved in a text file. The device functionality is similar to its stationary counterparts. The sample load-
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Figure 7. Engineering stress-strain curves of NiTi wires obtained using: (a) Instron universal testing machine from reference [34]; (b)
developed universal testing machine.

displacement curves are visualized and recorded in real-time. The instrument precision and design allow
capturing all parts of the stress-strain curves of superelastic and biomedical materials.

NiTiwire deformation behavior obtained using Instron 3369 in figure 7(a) from the reference [34] is
comparable with the developed device in figure 7(b). The engineering stress-strain curves transition from elastic
deformation to a martensitic plateau (superelasticity) and then to irreversible deformation until rupture.
Similarities of NiTi wire superelastic stress-strain curves obtained from Instron 3369 and the developed tensile
testing machine suggest its correct operation. Using the NiTi wire stress-strain curves as an example, the
measurement accuracy can be evaluated by comparison with published NiTiwire results obtained using Instron
universal testing machine in figure 7(a), (b) [21, 34-37].

5. Conclusions

The developed universal tensile testing machine is an economic tool with all the necessary functionality of
modern stationary universal tensile testing machines. The machine allows uniaxial cyclic tension testing and
obtaining load-displacement diagrams of low-modulus superelastic materials, including biological tissues,
elastomers, and alloys. The developed machine can test various samples at constant strain rates with a maximum
load 0f 200 N and up to 1,000 cycles. The main features of the machine include a wide strain rate, compactness
and mobility, which distinguish it from other stationary commercial instruments. The minimum strain rate can
be set low enough to detect structural rearrangement processes in polymeric materials along with martensitic
transformations in shape memory alloys. The machine is capable of testing thin wires and fibers.
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