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Abstract

This research presents the development of flexible, biodegradable strain-sensors intended for monitoring the healing
process of the skin. Biocompatible composites consisting of polycaprolactone (PCL) and multi-walled carbon
nanotubes (MWNTSs) were generated to be used in the fabrication of sensors to quantify strain. The composites were
fabricated using cryomilling, a solid-state mechanical milling process that induces physicochemical changes to bring
inherently dissimilar materials together. This processing technique obviates the need for solvents and high-temperature
processing thereby avoiding undesirable chemical reactions that could negatively influence the fabrication and
performance of the composites. X-ray diffraction (XRD) was used to characterize the molecular structure of the
composites while differential scanning calorimetry (DSC) was used to record changes in thermal properties of the
mixture, which describe the blending properties of the composite powders. Scanning electron microscopy (SEM) was
utilized for morphological characterization of the cryomilled composites. Compression molding was utilized to
fabricate flexible sensors that consisted of PCL loaded with MWNTSs ranging from 0, 2, and 5 wt.%. The electrical
resistance of the sensors decreased considerably with the incorporation of 5 wt.% MWNTS.
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1. Introduction

Sutures, glues, staples, flaps and grafts are commonly used surgical techniques to hold together soft tissues that were
separated as a result of an injury or a surgery [1]. During the recovery period, as a result of the patient’s physical
activity, tensile forces can act upon the site of repair and cause dehiscence which can subsequently lead to an infection
[2]. In-depth characterization of the tissue is required to devise effective strategies to overcome such challenges.
Although there have been studies published on this subject, most, if not all, use standardized samples under laboratory
settings that may not fully mimic the actual movements of the patient [3-6]. Therefore, there is a need to develop
sensors that can extract information about the mechanical demands on soft tissues during the healing process. To date,
there does not exist a commercially available sensor technology capable of monitoring large strain on tissues.
Nevertheless, soft electronics have been proposed in literature for the monitoring of biomedical movements, but
research generally focuses on the development of the technology than on the medical applications [7-10].



As a first step in addressing the above-mentioned problem, this study aims to use a biodegradable polymer,
polycaprolactone (PCL) to develop a sensor that is capable of being attached to skin for monitoring strain. PCL being
non-toxic, easy to process, and biodegradable, was chosen to be an ideal polymer to be modified to suit the
requirements of the sensor [11-13]. To enhance the electrical conductivity of the otherwise non-conducting PCL,
multi-walled carbon nanotubes (MWNTSs) were identified to be a suitable choice. Inferior mechanical and electrical
properties of polymers have previously been modified by the incorporation of MWNTSs [14-18]. However, as a result
of van der Waals forces and their inherent high surface area, the dispersion of MWNTS in polymeric systems has
always remained a challenge [19]. This study uses cryomilling, a solid-state processing technique, to generate a fine
powder blend of PCL and MWNTSs which can then be used to fabricate thin film sensors. Cryomilling has been proven
to improve the blending intimacy and compatibility of multicomponent polymer blends by reducing and narrowing
the particle size distribution, as well as by improving the degree of dispersion in polymer composites [20, 21].
Cryomilling overcomes problems associated with conventional blending methods such as thermal degradation due to
excessive heating in the melting process, or the difficulty in removing the polymer from the solvent if the solution
method is used [22]. Upon generation of cryomilled blends, compression molding was used to fabricate thin film
sensors of thickness 0.1 mm. Scanning electron microscopy (SEM), X-ray diffraction (XRD) and differential scanning
calorimetry (DSC) were utilized for visual, structural and thermal characterization of the powder blends. The electrical
resistance of the generated thin films was measured using an LCR meter. In this manner, this study presents a simple
yet repeatable method to fabricate thin film sensors whose resistance measurements can be used to create a one-to-
one map to strain, due to the piezo-resistive properties of MWNTSs.

2. Materials and Methods

2.1 Fabrication of PCL/MWNTs Composites

PCL (Capa 6500, Perstorp Ltd, UK,) and MWNTSs (Nanostructured & Amorphous Materials Inc., TX, USA) were
cryomilled to generate fine powdered composites using a freezer mill (SPEX, NJ, USA). Specifically, particular
amounts of PCL and MWNTSs were transferred into a vial and then placed in the freezer mill maintained at -196 °C
using liquid nitrogen. The contents in the vial were initially precooled for 15 minutes before the milling process was
initiated for temperature homogenization. The materials were processed in 5 minute cycles for a total of 20 minutes
with a dwell time of 1 minute between consecutive cycles [23]. The loading content of MWNTSs were 0, 2 and 5 wt.%.

2.2 Scanning Electron Microscopy

The particle morphology produced by cryomilling was analyzed using a benchtop scanning electron microscope
(SEM) (JCM-6000Plus Neoscope-JEOL, Peabody, MA, USA). Accelerating voltages of 10-15kV were used
depending on the samples’ requirements.

2.3 X-Ray Diffraction
X-ray diffraction (XRD) was used to assess the molecular structure of the cryomilled powders. A Rigaku Miniflex
600 XRD analysis unit (TYO, Japan) with a Cu-Kea radiation (1 = 0.154 nm) source was used with a voltage of 30 kV
and a current of 15 mA.

2.4 Differential Scanning Calorimetry

Thermal characterization of the cryomilled PCL/MWNTSs was performed using differential scanning calorimetry
(DSC) (NETZSCH Instruments, MA, USA). Briefly, 10 mg of the sample was heated to 150 °C followed by an
isothermal step at 150 °C for 5 min to erase any thermal history. The sample was then quenched at a rate of 10 °C/min
to -80 °C. In the second heating cycle, the samples were once again heated to 150 °C. The melting, crystallization
temperature and the percent crystallinity was measured for the cryomilled samples.

2.5 Fabrication of PCL/MWNTSs Films

Neat PCL and two PCL/MWNTs composites containing 2 and 5 wt.% MWNTSs were pressed into films using a
benchtop laboratory press (Model #4386, Carver, IN, USA). The mold was preheated to 100 °C (above the melting
temperature of PCL) and the cryomilled powders were then compressed into films of 0.1 mm thickness. A pressure of
10 Mpa was held for 15 minutes and the films were allowed to cool down to room temperature.

2.6 Electrical Resistance



The electrical resistance of the compression molded films was measured using an LCR meter (Model #4263B, Agilent,
CA, USA) with four-point probe configuration. The four-point probe method is often used to measure sheet resistance
of thin films by eliminating contact resistance, allowing for more accurate measurements. The samples were clamped
in a custom support (see Figure 4(a-c)), thus held at constant mutual distances for each measured film.

3. Results and Discussion

3.1 Scanning Electron Microscopy

SEM was used to observe the morphology of the cryomilled particle morphology of PCL/MWNTSs composites and
the as-received MWNTS. Since cryomilling is performed at cryogenic temperatures, the specific energy required for
milling is drastically reduced due to the embrittlement of the material which then facilitates the propagation of cracks
[24]. As seen in Figure 1a, the cryomilled PCL/MWNTS consisted of sharp edged particles with an upper particle size
limit of 50 um which was considerably smaller than the as-received PCL pellets. The use of liquid nitrogen facilitates
a steep reduction in particle size by improving the particle fracture process [25]. Dry agglomeration was observed in
the composites as the particles generated during cryomilling have high surface area, increased free energy and reduced
thermodynamic stability [26]. van der Waals and other electrostatic forces were also seen as prominent factors that
could have caused the agglomeration [27]. Figure 1b shows the agglomeration of as-received non-cryomilled MWNTSs
as a result of their high surface area [19].

Figure 1: Micrographs of a) cryomilled PCL/MWNTSs (2%) composite and b) as-received non-cryomilled MWNTSs.

3.2 X-Ray Diffraction

Figure 2 displays the diffractograms of the cryomilled powders with varying loading levels of MWNTSs. As can be
seen, all the materials showed two strong diffraction peaks at 26 values of 21° and 23.5° that were consistent with the
findings previously reported in literature [28]. The semi-crystalline nature of PCL was evident due to the presence of
both crystalline peaks and amorphous domains. The presence of the peak at 21° was attributed to the diffraction of the
(110) lattice plane and corresponded to a d-spacing value of 0.42 nm. The diffraction of the (200) lattice plane was
responsible for the presence of a peak at 23.5° that corresponded to a d-spacing value of 0.38 nm [29]. With the
incorporation of MWNTS, the composites retained the characteristic peaks of PCL indicating that their addition did
not significantly modify the crystalline structure of pure PCL [30].
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Figure 2: X-ray diffraction profiles of cryomilled powders.



3.3 Differential Scanning Calorimetry
Figure 3 displays the DSC thermograms obtained from the second heating scan while Table 1 reports the melting and

crystallization temperatures of the analyzed samples. The melting temperature of pure cryomilled PCL was observed
to be 57.9 °C and was consistent with the values previously reported in literature [31]. With the addition of MWNTs
in different amounts, there were no significant changes observed in the melting temperature. However, the addition
of MWNTSs visibly increased the crystallization temperature as there was an increase in the available nucleating sites

due to the presence of MWNTS [32, 33].

DSC (mW/mg)

50 0 50 100 150
Temperature (°C)

Figure 3: DSC thermograms of cryomilled powders.

Table 1: DSC data for cryomilled powders.

Material Melting Temperature (°C) Crystallization Temperature (°C)
PCL 57.9 26.3
PCL + 2 wt.% MWNTSs 57.6 27.2
PCL + 5 wt.% MWNTSs 57.2 28.4

3.4 Electrical Resistance
The resistance of PCL/IMWNTSs composite films was measured using the test configuration discussed above and

shown in Figure 4(a-c). The resistance values for the three samples are listed in Table 2, along with the resistance
when no sample is present in the fram to account for the electrical bias created by the test configuration. Results show
that the samples at 0 and 2 wt.% MWNTSs have a resistance equal to the bias (no sample) which indicated a very high
resistivity. The 5 wt.% MWNTSs thin film exhibited a significant decrease in resistance (by 71.6%). This demonstrates
that MWNTSs can be utilized to decrease the resistivity of PCL considerable which was in accordance with previously

reported results in literature [34].

Figure 4: Resistance measurement configurations of a) pure PCL, b) 2 wt.% and c¢) 5 wt. % PCL/MWNTSs films.



Table 2: Resistance measurements of PCL/MWNTSs films.

MWNTSs (%) Electrical Resistance (mQ)
Air 9.5
0 9.5
2 9.5
5 2.7

4. Conclusions

In this work, cryomilling was utilized to generate homogeneous powder blends of PCL and MWNTS, which were to
be the basis for the fabrication of biodegradable strain-sensors. SEM showed reduced particle size disparity between
PCL and MWNTSs enabling the fabrication of films devoid of fusion defects during compression molding. XRD and
DSC results indicated that the inclusion of MWNTSs did not significantly alter the crystal structure of PCL, but
facilitated the faster nucleation of PCL by providing additional nucleation sites. The 5 wt.% addition of MWNTSs
decreased the resistance of PCL films by 71.6%. These results indicated that conductive composites films were
producible with the incorporation of MWNTS. The further characterization of the electrical percolation threshold
would enable the development of soft sensors.
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