ﬂ Sensors

Article

Impact of the Number of Needle Tip Bevels on the Exerted
Forces and Energy in Insulin Pen Injections

Alfonso Maria Ponsiglione

check for
updates

Citation: Ponsiglione, A.M.;
Ricciardi, C.; Bonora, E.; Amato, E;
Romano, M. Impact of the Number of
Needle Tip Bevels on the Exerted
Forces and Energy in Insulin Pen
Injections. Sensors 2023, 23, 8043.
https:/ /doi.org/10.3390/523198043

Academic Editor: Zeljko Zilic

Received: 12 July 2023
Revised: 15 September 2023
Accepted: 21 September 2023
Published: 23 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,1

, Carlo Ricciardi '*©, Enzo Bonora 2, Francesco Amato '*® and Maria Romano

Department of Electrical Engineering and Information Technology, University of Naples Federico II,
80125 Naples, Italy; alfonsomaria.ponsiglione@unina.it (A.M.P.); framato@unina.it (FA.);
mariarom@unina.it (M.R.)

Division of Endocrinology, Diabetes and Metabolism, University and Hospital Trust of Verona,
37129 Verona, Italy; enzo.bonora@univr.it

Correspondence: carlo.ricciardi@unina.it

These authors contributed equally to this work.

Abstract: Patients affected with type 1 diabetes and a non-negligible number of patients with type
2 diabetes are insulin dependent. Both the injection technique and the choice of the most suitable
needle are fundamental for allowing them to have a good injection experience. The needles may
differ in several parameters, from the length and diameter, up to the forces required to perform the
injection and to some geometrical parameters of the needle tip (e.g., number of facets or bevels). The
aim of the research is to investigate whether an increased number of bevels could decrease forces and
energy involved in the insertion—-extraction cycle, thus potentially allowing patients to experience
lower pain. Two needle variants, namely, 31 G x 5 mm and 32 G x 4 mm, are considered, and
experimental tests are carried out to compare 3-bevels with 5-bevels needles for both the variants.
The analysis of the forces and energy for both variants show that the needles with 5 bevels require a
statistically significant lower drag or sliding force (p-value = 0.040 for the 31 G X 5 mm needle and
p-value < 0.001 for 32 G x 4 mm), extraction force (p-value < 0.001 for both variants), and energy
(p-value < 0.001 for both variants) during the insertion—extraction cycle. As a result, 3-bevels needles
do not have the same functionality of 5-bevels needles, show lower capacity of drag and extraction,
and can potentially be related to more painful injection experience for patients.

Keywords: diabetes mellitus; insulin pen; injection—extraction cycle; insulin injection; needles

1. Introduction

According to the World Health Organization [1], diabetes, also referred to as diabetes
mellitus, is a chronic disease characterized either by a deficient production of insulin or
by an ineffective use of insulin. As a consequence of uncontrolled diabetes, the increase
in blood glucose level, also termed as hyperglycemia, can severely damage systems and
organs, e.g., nerves and blood vessels, thus increasing the risk of developing cardiovascular
diseases and other microvascular complications [2-5]. In 2021, it was estimated that almost
540 million adults (20-79 years) were affected with diabetes, with about 2 million deaths
per year; moreover, more than one million children and adolescents are affected with type
1 diabetes [6,7].

In 1936, the scientist Harold Himsworth [6] described for the first time the difference
between the two main forms of diabetes: type 1 and type 2. On the one hand, in type
1 diabetes (or insulin-dependent diabetes), the pancreas is not able to produce enough
insulin to lower the level of glucose in the blood due to the destruction of insulin-producing
pancreatic 3 cells [7,8]. On the other hand, type 2 diabetes is characterized by insulin
resistance, i.e., the inability of insulin-sensitive tissues to respond appropriately to insulin,
and may occur due to obesity, hypertension, and dyslipidemia [9,10]. While type 2 diabetes
usually does not require insulin-based treatments [11,12], for patients affected with type 1

Sensors 2023, 23, 8043. https://doi.org/10.3390/s23198043

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s23198043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-1346-515X
https://orcid.org/0000-0001-7290-6432
https://orcid.org/0000-0002-9053-3139
https://orcid.org/0000-0003-1133-1115
https://doi.org/10.3390/s23198043
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23198043?type=check_update&version=1

Sensors 2023, 23, 8043

20f15

diabetes, as no cure currently exists, the only possible therapeutic approach consists of a
lifelong exogenous insulin replacement therapy (with multiple daily injections [13,14].

The introduction of disposable insulin-specific syringes brought several improvements
in terms of higher usability [15,16]. Then, the introduction of “pens” (a disposable or
reusable instrument) yielded other advantages, such as better dosage control, reduced
pain and plunger force to facilitate the administration of larger doses of insulin, and better
acceptance [15,16].

Using insulin pens is fundamental to effectively administer insulin to the body [17].
In particular, the quality of insulin needles translates substantially into technological
innovation, as this can determine both a greater effectiveness of the treatment and a better
quality of life for patients [18]. Indeed, some pen needles have been formulated to have
special edges that may yield a smoother and gentler injection.

With the purpose of facilitating the insertion into the skin and, at the same time,
maximizing the insulin delivery and reducing the tissue damage and the related pain
perceived by the patient, insulin needles” manufacturers face the challenge of reducing
the needle diameter and length, while preserving the inner lumen dimensions in order to
ensure a proper insulin flow and delivery [19], in accordance with national and international
diabetes guidelines [20,21]. Therefore, insulin needles are mainly characterized and sold
according to their length and diameter (often measured in gauge, G) as they can, directly
or indirectly, determine some relevant technical parameters, such as the force required
to perform the injection [22] or the flow of the drug through the needle [23]; moreover,
they can affect some patient-related factors, such as preference [24], adherence [25], pain
perception [26], and glycemic control [18].

Concerning the length and gauge, the standards of care of the Italian Society of
Diabetology define the 32 G x 4 mm needle as the best choice for a patient (gold standard),
as it guarantees optimal insulin absorption and causes less pain [21]. As for the injection
angle, it is generally recommended to place the needle with a 90° angle with respect to
the skin; even though, in specific cases, the injection angle can be lower, up to 45° [27].
In addition, from the scientific debate, it emerges that, at fixed length and gauge of the
needle, the tip geometry (the number of facets/bevels and the shape of the tip) is among
the most relevant parameters characterizing the needles for insulin administration. Indeed,
the sharpness of the needle tip, which is dependent on the number of tip bevels, could
influence both the injection forces and the energy transferred to the tissue, thus determining
the magnitude of pain perceived by the patient, although this issue has not been fully
explored in the literature so far [28,29].

On these premises, the aim of this work is to exactly investigate the latter issue and
that is to rigorously show that the tip geometry plays a fundamental role in determining
the amount of force and energy involved in the injection process, thus determining the
intensity of the pain suffered by the patient.

In this context, we shall show that the use of 5-bevels needles can decrease both the in-
volved forces and the energy transferred during the insertion—extraction cycle with respect
to 3-bevels needles. For this purpose, following a theoretical discussion, an experimental
study has been conducted, as described in the following sections. The experiments confirm
the premise of the theory, since 5-bevels needles clearly exhibit a better performance in
terms of the forces generated and the energy transferred during the whole process.

2. Materials and Methods
2.1. The Insertion—Extraction Cycle

Different from the literature, which usually focuses on the single forces involved dur-
ing the injection process, here the full needle insertion—extraction cycle has been examined
as a quantitative descriptor of the whole injection experience.

In the injection—extraction cycle, the following three main forces have to be considered:

e  Penetration Force (PF): the maximum force needed by the tip of a lubricated needle to
penetrate the skin (the greater the force, the greater the perceived pain).
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e  Drag force (DF): the frictional force that the needle encounters during the “sliding” of
the needle into the skin to reach the injection site (the greater the force, the greater the
tissue trauma and perceived pain).

e  Extraction force (EF): the frictional force that the needle encounters during the “sliding”
phase of the needle during the leakage from the tissue (the greater the force, the greater
the trauma to the tissues and the perceived pain).

’

Figure 1 shows an example of the needle insertion—extraction cycle, together with a
schematic polygonal decomposition of the experimental curve to better display the different
phases of the cycle, where the x-axis represents the displacement of the needle (measured
in mm), and the y-axis represents the force (expressed in N). In Figure 1, the first section of
the graph (AB) depicts the penetration phase, the second one (BC) displays the insertion
phase, and finally, the third one (CA) represents the extraction phase. The forces during
the insertion (BC) and extraction (CA) phases are essentially the same, but are in the
opposite direction.

— Experimental curve
=== Polygonal approximation

Force [N]

Needle tip displacement [mm]

Figure 1. Needle insertion—extraction cycle: forces are plotted against needle displacement (black line
represents the experimental data; red dashed line represents a polygonal approximation considering
a polygonal shape whose vertices are the maximum force at 25% of needle length, the drag force
between 40% and 90% of length, and the extraction force between 90% and 25% of length). The first
section of the graph (AB) depicts the penetration phase, the second one (BC) displays the insertion
phase, and finally, the third one (CA) represents the extraction phase.

2.2. Energy as Expression of Perceived Pain

Starting from the previous results, the energy released by the needle to the substrate
during the test is estimated. Assuming that the forces, especially the DF and the EF, are
correlated with the needle-tissue friction, which could then cause pain to the patient, we
can conclude that the energy of the insertion—-extraction cycle is a proxy for the perceived
pain, as it represents the dissipated energy that is transferred to the subcutaneous tissues
(thus causing pain, hematomas, etc.). In this sense, the energy is chosen here as a further
meaningful indirect indicator of the perceived pain during the injection procedure.

It is well known that the Energy can be expressed as the following integral of the
infinitesimal work F(x)dx:

Enerqy = F(x)dx 1)

insertion—extraction cycle

Therefore, Equation (1), representing the area within the red dashed curve in Figure 1,
refers to the Energy (in mJ) transmitted from the needle to the substrate.
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2.3. The Curve Profile

In this section, we will show why a needle with a greater number of bevels is useful in
reducing pain in patients.

The lower the angle between the first trait of the needle and the needle itself, the
lower the PF, and that implies a dependence of the pain on the needle tip. DF and EF are
increasing with the friction forces; again, the lower the angles between the various traits of
the needle, the lower the friction forces. Therefore, the perceived pain will be less when
the tip of the needle does not have angularities that form very sharp angles, as it can be
assumed that a higher potential tissue damage is related to a sharper angle.

A needle profile with a greater number of bevels allows a decrease in the slope of
each needle section compared to the contiguous one, thus decreasing the DF and the EF.
According to these considerations, a continuous “curve” profile should be the best option,
because it minimizes (ideally reduces to zero) at each point in the angle between the tangent
to the profile and the needle axis.

In order to approximate the ideal curve profile, which can be interpreted as the plot of
a given function of the x variable, we can resort to a truncated Taylor series, as it allows
summing a finite number of terms. With the aim of approximating a curve profile by
using a limited number of linear segments, it is worth noting that, as the number of terms
(segments) increases, a more accurate approximation of the curve is obtained, as illustrated
in Figure 2.

(b)

Figure 2. Curvature approximation with (a) three and (b) five segments.

Indeed, Figure 2 clearly illustrates how the increase in the number of segments (i.e.,
the number of bevels in the case of needles) allows to obtain a smoother profile (i.e., more
obtuse angles between the segments exploited to approximate the curve).

2.4. Experimental Study

An experimental study has been conducted with the aim of estimating and comparing
penetration, drag, and extraction forces of pen needles with different number of bevels.
Furthermore, based on the performed tests, the energy involved in the insertion—extraction
cycle has been computed.

The test procedure, to determine penetration, drag, and extraction forces of pen
needles, is based mainly on indications from Annex D of the ISO 7864 norm [30].

Each test has been based on the following protocol:

A.  The substrate strip, made of a 1 mm thick natural latex rubber and with a 45 Shore A
hardness, is moved 10 mm far, tensioned and clamped.

B.  The needle to test is screwed on the threaded support and fixed to the tensile test
machine (MTS Alliance RT /10, RTM Code 00782), then positioned at a fixed distance
from the substrate.



Sensors 2023, 23, 8043

50f 15

C.  The machine starts in displacement control far enough to impact substrate at a
100 mm/min constant velocity, after it decelerates to stop when at least 80% of length
is in. It starts back, to reach 100 mm/min and to exit completely from the substrate.

D.  The needle displacement is continuously recorded together with force, measured
with a 100 N load cell.

Two needle variants, namely, 31 G x 5 mm and 32 G x 4 mm, are considered, and
experimental tests are carried out to compare 3-bevels with 5-bevels needles for both the
variants. For each test, 50 measurements were conducted on pen needles randomly drawn
by three different lots. The measurements have been fully randomized to mitigate any
potential test bias.

Concerning the force measurements, it is worth mentioning that, in the case of the
31 G x 5 mm needle variant (either with 3- or 5-bevels), since most needles showed a stable
DF and EF along a 2 mm path, the mean value to calculate such forces was taken between
40% and 80% of the needle length (that is from approx. 2 to 4 mm of the displacement,
starting from the contact with the substrate of 5 mm long items). In the case of 32 G x 4 mm
needle variant (either with 3- or 5-bevels), as most needles showed a stable DF and EF
along a 1 mm path, the mean value to calculate such forces was taken between 55% and
80% of the needle length (that is from approx. 2.2 to 3.2 mm of the displacement, starting
from the contact with the substrate, comprising 4 mm long items).

Regarding the energy estimation, it is worth mentioning that, in the case of the
31 G x 5 mm needle variant (either with 3- or 5-bevels), the energy transmitted from the
needle to the substrate (i.e., the area inside the experimental curve) and is approximated by
the area of a polygon whose vertices are the maximum force at 25% of the needle length, DF
between 40% and 90% of the length, and EF between 90% and 25% of the length. In the case
of the 32 G x 4 mm needle variant (either with 3- or 5-bevels), the polygon has its vertices
corresponding to the maximum force at 35% of needle length, DF between 35% and 90% of
the length, and EF between 90% and 30% of the length. The polygonal decomposition of the
measured force-displacement data was employed as it allows better representation of the
different phases of the injection process, with the different segments of the polygonal curve
are clearly discernible (sections AB, BC, and CA). Moreover, it provides easier and reliable
estimates of the energy, without the need for more complex numerical integration methods
and without introducing uncertainties higher than the measurement uncertainty itself.

2.5. Statistical Analysis and Results Comparison

The comparison between the forces and the energies during the insertion—-extraction
cycle has been conducted by applying the paired Student’s t-tests for those samples with
normal distribution, and a Wilcoxon signed-rank test as a nonparametric test equivalent to
the dependent f-test for non-normally distributed data. Normality check has been carried
out by means of the Shapiro-Wilk test. For statistical tests, the confidence interval was set
to 95% (significance level a = 0.05). All the tests have been performed by using the IBM
SPSS Statistics for Data Analysis v.27.

In addition to the descriptive statistics and to the hypothesis tests, two additional pa-
rameters to describe the relative changes in both force and energy metrics have
been considered:

AForce% = <F3; F5) x 100 ()
5

E; — E:
AEnergy% = ( 3E 5) x 100 3)
5

where

e  [;represents the average value of the exerted force (either PF, DF, or EF) in the case of
3-bevels needle;

e  Fs represents the average value of the exerted force (either PF, DF, or EF) in the case of
5-bevels needle;
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e  Ejrepresents the average value of the energy of the insertion—extraction cycle in the
case of 3-bevels needle;

e  Esrepresents the average value of the energy of the insertion—extraction cycle in the
case of 5-bevels needle.

The parameters AForce% and AEnergy% represent the average percentage difference
in forces (either PE, DF, or EF) and energy that characterize the insertion—extraction cycle in
the case of a 3-bevels insulin pen needle with respect to the case of a 5-bevels insulin pen
needle, respectively.

3. Results

Experimental tests were conducted on two variants (31 G x 5 mm and 32 G X 4 mm)
for both 3-bevels insulin pen needles from Pikdare S.p.A. (Como, Italy) and 5-bevels insulin
pen needles from Becton Dickinson. The analysis of forces and energy is presented in the
following subsections, which illustrate the results obtained from the test described in the
experimental section and drive the subsequent statistical analysis, carried out to compare
the characteristic parameters of the injection—extraction cycle between 3-bevels and 5-bevels
pen needles.

3.1. Insertion—Extraction Cycle Results

Figure 3 displays a typical insertion—extraction cycle curve, together with its polygonal
fit, obtained for both variants and for both numbers of bevels tested.

——Experimental curve === Polygonal approximation ——Experimental curve === Polygonal approximation
0.25 025
02 0.2
0.15 0.15
z 01 = 041
® ‘o
g e
& 005 £ 005
0 0
95 95
-0.05 -0.05
0.1 - -0.1
Needle tip displacement [mm] Needle tip displacement [mm]
(a) (b)
— Experimental curve === Polygonal approximation - Experimental curve - == Polygonal approximation
0.25 0.25
0.2 0.2
0.15 0.15
z 01 > 0.1
@ o
e e
£ 005 £ 005
0 0
9|5 145 145
-0.05 -0.05
0.1 o 0.1 -
Needle tip displacement [mm] Needle tip displacement [mm]
(c) (d)

Figure 3. Insertion—extraction cycle on (a) 5—bevels 31 G x 5 mm needle; (b) 3—bevels 31 G x 5 mm
needle; (c) 5—bevels 32 G x 4 mm needle; and (d) 3—bevels 32 G x 4 mm needle.
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From a preliminary visual inspection, while no considerable differences in the maxi-
mum and minimum values of the forces can be detected, due to the reduced dimensions,
the 32 G x 4 mm needle variant shows a shorter displacement range.

Details and analysis carried out on the forces and energies extracted by each measured
insertion—extraction cycle are presented in the following sections.

3.2. Force Analysis

Data distributions for PF, DF, and EF are presented in Figure 4 for each tested sam-
ple with the aim of assessing the normality of the distributions, before performing the
hypothesis tests to compare 3-bevels with 5-bevels needles.
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Figure 4. Force data distributions for (a—c) PF, DF, and EF for 31 G x 5 mm needle with 5-bevels;
(d—f) PE, DF, and EF for 31 G x 5 mm needle with 3-bevels; (g-i) PF, DF, and EF for 32 G x 4 mm
needle with 5-bevels; and (j-1) PF, DF, and EF for 32 G x 4 mm needle with 3-bevels.
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In order to establish the normality of the data based on the observed distributions,
a Shapiro-Wilk test has been carried out and the corresponding results are reported in
Table 1, which describes, for each needle type and for each force parameter, both the value
of the W-statistic of the test with the number of tests performed, and the significance of the
test in terms of p-value (a p-value lower than 0.05 indicates a non-normal distribution). We
recall that the W-statistic represents the difference between the normal distribution model
and the observations (with relatively smaller values of the W-statistic indicating a worse fit
of the sample data compared to a normal distribution).

Table 1. Results of the Shapiro-Wilk normality tests on PF, DF, and EF measurements.

Variant Number of Bevels Forces Statistic Number of Tests p-Value

PF 0.914 50 0.001

5-bevels DF 0.985 50 0.766

31G x 5mm EF 0.975 50 0.365
PF 0.890 50 0.000

3-bevels DF 0.938 50 0.012

EF 0.963 50 0.114

PF 0.877 50 0.000

5-bevels DF 0.974 50 0.343

3G x 4 mm EF 0.988 50 0.884
PF 0.972 50 0.285

3-bevels DF 0.842 50 0.000

EF 0.956 50 0.060

Moreover, Table 2 shows the results in terms of the forces exerted during the insertion—
extraction cycle on a collection of 50 test measurements carried out for each needle variant
and according to the number of bevels.

Table 2. Comparisons between forces of 31 G x 5 mm and 32 G x 4 mm needles according to the
number of bevels.

Variant Number of Tests Forces Metrics 5-Bevels 3-Bevels AForce% p-Value
Avg. 0.218 0.221
Std. Dev. 0.040 0.034
1
PF Max 0.331 0.343 1.38 0.647
Min 0.154 0.177
Avg. 0.028 0.053
31G x 5mm 50 Std. Dev. 0.007 0.015 1
DF Max 0.043 0.091 89.3 0.000
Min 0.012 0.031
Avg. 0.034 0.048
Std. Dev. 0.010 0.015
2
EF Max 0.051 0.092 41.2 0.000
Min 0.012 0.008
Avg. 0.192 0.193
Std. Dev. 0.022 0.021
1
PE Max 0.278 0.231 0.52 0.537
Min 0.160 0.142
Avg. 0.036 0.040
32G X 4mm 50 Std. Dev. 0.010 0.012 1
DF Max 0.066 0.092 11 0.040
Min 0.011 0.006
Avg. 0.036 0.049
Std. Dev. 0.009 0.009
2
EF Max 0.057 0.077 36.1 0.000
Min 0.016 0.019

1 Wilcoxon signed-rank test; 2 Paired Student’s t-test.
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The analysis of the forces for both variants show that DF and EF are significantly
lower for needles with 5-bevels with respect to those ones with 3-bevels (p-value < 0.001
for the DF in the 31 G x 5 mm variant, p-value = 0.040 for the DF in 32 G x 4 mm variant,
and p-value < 0.001 for the EF in both variants). As far as the PF is concerned, it does
not show a statistically significant difference between the needles with 5- and 3-bevels.
This results from the fundamental difference between the type of forces involved in the
insertion—extraction cycle. Indeed, while the PF is a pointwise value representing the peak
force at the insertion phase (calculated as the maximum value of the force), both DF and EF
are average values (calculated as a mean along an approximate path of 2 mm) taking into
account the longer duration and higher friction exerted on the subcutaneous tissue by the
needle sliding in both the insertion and extraction directions. Thus, the values of DF and EF
can better explain the difference in the needle tip characteristics (i.e., the number of bevels)
during the injection process. Furthermore, it is also worth noting that there is always a
positive average percentage difference between the 3-bevels needle and the 5-bevels one,
thus confirming that the use of a 3-bevels needle produces an increase in all the exerted
forces in the insertion—extraction cycle. This is observable for both needle variants, with a
maximum increase of almost 90% in the DF for the 31 G x 5 mm needle.

Figure 5 provides a visual representation of the difference between the exerted forces
during the whole injection process, with 3- and 5-bevels needles, in both sample variants.

316G x5mm 32G x4 mm
B 5 bevels B 3 bevels B 5 bevels 1 3 bevels
04 0.4
0.35 . 0.35
03 . 03
0.25 0.25

Force[N]
=)
(¥)

Force [N]
o
N

-
b

0.15 0.15
0.1 . 0.1
0.05 e == 0.05 T e i =
Penetration Drag Extraction Penetration Drag Extraction
Type of force Type of force
(a) (b)

Figure 5. Force values boxplots for (a) 31 G x 5 mm needle and (b) 32 G x 4 mm needle. Extreme
outliers (i.e., those exceeding the first, or the third, quartile of the distribution by three times the
interquartile range) are marked with asterisks, mean values are marked with an x within the boxplot,
and median values are reported with a straight line within the boxplot.

From the boxplots displayed in Figure 5, it can be observed how the PF, despite not
showing significant differences between 3- and 5-bevels, exhibits the largest absolute values
and the largest intra-sample variability compared to the other types of forces. In addition,
it can be also noted how the ranges of variability of the forces do not significantly change
between the two variants tested.

3.3. Energy Analysis

As the perceived pain is dependent on the forces, it is possible to consider that the
energy of the insertion—extraction cycle is representative of the overall perceived pain
during the whole injection process. Based on the forces measurements previously presented
and relying on Equation (1), the insertion—extraction cycle allows the estimation of the
energy involved in the whole injection process.
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First, the data distributions for energy estimates for each tested sample are observed
(see Figure 6) in order to assess the data normality, before proceeding with the hypothesis
tests to compare the 3-bevels with the 5-bevels needles.

18
16
10 14
12
10
8

12

Frequency
[}
Frequency
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Figure 6. Energy data distributions for (a) 31 G x 5 mm needle with 5-bevels; (b) 31 G x 5 mm needle
with 3-bevels; (c) 32 G x 4 mm needle with 5-bevels; and (d) 32 G x 4 mm needle with 3-bevels.

Then, similar to the forces analysis, the normality of the observed distributions for the
energy estimates has been determined by means of the Shapiro-Wilk test, whose results
are reported in Table 3 (a p-value lower than 0.05 indicates a non-normal distribution).

Table 3. Results of the Shapiro-Wilk normality tests on energy estimates.

Variant Number of Bevels Statistic Number of Tests p-Value
5-bevels 0.983 50 0.664
31G x 5mm
3-bevels 0.938 50 0.011
5-bevels 0.972 50 0.272
32G x 4 mm
3-bevels 0.990 50 0.946

Table 4 shows the results of the test conducted on both variants regarding the ener-
gies generated during the insertion—extraction cycle on the 50 measures taken for each

needle variant.
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Table 4. Comparison between energies of the 31 G x 5 mm and 32 G X 4 mm needles according to
the number of bevels.

Variant Metrics 5-Bevels 3-Bevels AEnergy% p-Value
Avg. 0.383 0.494
Std. Dev. 0.047 0.069
1
31G x 5mm Max 0.488 0.667 29.0 0.000
Min 0.273 0.374
Avg. 0.347 0.387
Std. Devw. 0.043 0.027
2
32G x 4mm Max 0482 0456 11.5 0.000
Min 0.272 0.329

1 Wilcoxon signed-rank test; 2 Paired Student’s t-test.

The analysis of the energies for both variants show that the needles with 5-bevels
require a statistically significant lower energy during the insertion—extraction cycle
(p-value < 0.001). In particular, the analysis of the energy for both variants show a sig-
nificant average percentage increase in the energy of the whole injection process when
using the 3-bevels needle, with a 29% and 11% increase for the 31 G x 5 mm and the
32 G x 4 mm needle variants, respectively. Based on the analysis of the forces presented in
the previous subsection, since the effects of the DF and the EF can reasonably explain the
difference between the two types of needle tips, we can conclude that the energy increase
is mainly due to the energy dissipated during the two sliding phases (i.e., the drag and
extraction actions) of the cycle, that is, when the friction between the needle and the tissues
occurs. As a results, the 3-bevels needle is confirmed as the most expensive choice also in
energy terms.

Finally, in Figure 7, a visual representation of the difference between the energy
involved in the insertion—extraction cycle is provided for both the 3- and the 5-bevels
needles and for both sample variants.

31Gx5mm 32G x4 mm

B 5 bevels B 3 bevels B 5 bevels B 3 bevels

o
3

o
o

X
o
(6]

Energy [mJ]
I o I
N w -

o
=

(a) (b)

Figure 7. Energy values boxplots for (a) 31 G x 5 mm needle and (b) 32 G x 4 mm needle. Extreme
outliers (i.e., those exceeding the first, or the third, quartile of the distribution by three times the
interquartile range) are marked with asterisks, mean values are marked with an x within the boxplot,
and median values are reported with a straight line within the boxplot.

By observing the boxplots in Figure 7, it is evident that, in the case of the 5-bevels
needle, both the energy ranges and the intra-sample variability do not change across the
two needle variants, thus showing greater stability in terms of energy dissipation with
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respect to the 3-bevels needle, which instead exhibits a significant variability across the
needle variants. Furthermore, 5-bevels needle shows a statistically significant reduction in
terms of energy compared to 3-bevels needles in both variants, thus confirming that the
increased number of bevels is an energetic favorable choice.

Taken together with the numeric results showed in Table 4, the energy reduction
brought by the 5-bevels needle tip, which is around 11% in the case of the 32 G x 4 mm
variant, is even more marked for the 31 G x 5 mm variant (reaching a 29% reduction).

4. Discussion

Insulin therapy is the standard therapy for patients with type 1 diabetes, and it is the
recommended course of treatment for some patients with type 2 diabetes. Since injections
under the skin have been linked to pain, discomfort, and anxiety, pens for administering
insulin, with shorter needles, have been chosen as an alternative to vials and syringes,
because they can cause less pain and reduce skin harm. Alternatively to the insulin pen,
patients can adopt insulin pumps, small electronic instruments that are connected to a
cannula and a small plastic catheter, placed under the skin of the abdomen and replaced
periodically, and administer insulin continuously [31].

It is known that the needle diameter and length directly influence the perceived pain.
The tip shape, sharpness, insertion angle, glide, and the number of friction points (i.e., the
number of bevels) are crucial factors in maximizing a needle’s ability to penetrate tissue
and boosting patients” acceptability. Due to their importance, the use of insulin pen needles
has been largely studied in the literature [32], also focusing on further and less explored
characteristics of both the needle and the insulin administration process. For example,
Hirsch et al. [24] examined injection forces, self-reported patients pain, and preferences
in people with diabetes. Other studies focused on the influence of needle lubrication [33]
or injection volumes [34] on the perceived pain. The optimal location for the injection
site has been also investigated and proved to be a relevant factor in the injection process,
as different absorption rates are associated with different sites (e.g., abdomen, arms, and
thighs) [35,36]. Later, Praestmark et al. [22] used 3-bevel asymmetrically modified needle
tips that demonstrated better performance than traditional grind 3-bevels needles in terms
of forces and pain; however, they did not focus on the energy characterizing the overall
injection process.

As already highlighted in the introduction, the quality of insulin needles has a signif-
icant impact on both treatment efficacy and quality of life, thus potentially contributing
to a decrease in health expenditures. However, there are still a few studies focused on the
systematic analysis of the impact of specific needle tip characteristics, such as the number
of bevels, on the injection process and on the perceived pain.

In this framework, this paper investigated and compared two variants of needles
(31 G x 5mm and 32 G x 4 mm), by means of an extensive statistical approach, considering
several samples from different lots in order to estimate the forces and the energy during
the injection—extraction cycle of needles with 3- and 5-bevels. Our data have shown that
the DF and EF are significantly lower in 5-bevels needles (independent of the variant) as
well as the overall energy associated with the cycle.

The most significant results are in line with the literature. In a survey conducted by
Aronson et al. [37], it is stated that 5-bevels had a better performance than 3-bevels needles
with respect to PF, DF, and perceived pain; however, while the work mainly focuses on
needle length and diameter as well as on the injection context, no mention is made on the
energy involved in the injection process. Moreover, a study by the same authors aimed at
assessing the influence of a new extra-thin wall needle versus a usual one on the overall
patient preference, ease of injection, perceived time to complete the full dose, thumb button
force to deliver the injection, and dose delivery confidence in individuals with diabetes
mellitus [38]. Although these considerations are not directly related to the study of the
needle profile considered in this paper, they do show that the quality of needles with a
greater number of bevels is superior under all aspects.
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As mentioned in the introduction, Praestmark et al. demonstrated that the standard 3-
bevels 32 G needle caused a larger peak PF than the asymmetrical 3-bevels tapered 34 G and
the 5-bevels 32 G needles [22]. Similarly, preclinical force testing in a laboratory measured
23% less mean PF for 5-bevel needles when compared to similar-sized 3-bevel needles (from
32G x 4mm to 31 G x 8 mm) [24]. After additional studies, the authors hypothesized that
the 5-bevel needle tip may support better acceptance of self-injection therapy.

The present work offers an additional novel contribution to the previous literature
by introducing and investigating a less explored but relevant parameter from an engineer-
ing perspective, i.e., the involved force and energy, chosen as indirect indicators of the
perceived pain. This paper describes a route for the comparison of 3-bevels and 5-bevels
insulin pen needles by means of a theoretical-mathematical approach together with an
experimental study to test the formulated hypotheses, based on the analysis of the whole
insertion—extraction cycle, to describe the whole injection experience. The obtained results
strongly supported and confirmed the hypotheses made regarding the advantages of in-
creasing the number of bevels in the insulin needle tips and provided new insights in the
comprehension of the role of the different forces involved in the injection process and on
the leading role of the energy as a potential expression of the perceived pain. In particular,
according to the data shown in this paper, we can state that 3-bevels needles do not have
the same performance of 5-bevels needles and show lower capacity of drag and extraction.
The same can be stated for the energy parameter (taken as a proxy of the perceived pain)
as 5-bevels needles can decrease both forces and energy during the insertion—-extraction
cycle with respect to 3-bevels needles, thus potentially allowing patients to experience
reduced pain.

Since the experimental study has been conducted on artificial skin equivalents, further
improvements and advancements will be required in future works to provide a clinical
validation of the experimental results obtained here.

5. Conclusions

There are several crucial characteristics of insulin pen needles with an immediate
impact on the injection process, patient adherence, and quality of life. To improve the
patient experience and lessen the discomfort associated with the injection, forces involved
in the injection process are significant factors as well as other geometric parameters like
the gauge and the length of the needle. In this work, we focus on the tip profile, to show
that it can have a strong impact on the magnitude of the pain perceived by the patient; in
particular, we showed that pen needles with 5-bevels result in a lower pain experience, by
demonstrating a decrease in both the involved forces and the transferred energy during the
insertion—extraction cycle of the two needle variants (31 G x 5 mm and 32 G x 4 mm) by
means of a theoretical development and an experimental study followed by an in-depth
statistical analysis. The results demonstrate that 3-bevels needles do not have the same
performance as that of 5-bevels needles and show lower capacity of drag and extraction
and cause higher pain to patients. Features like the number of bevels in pen needles
can therefore represent a significant factor in determining the effectiveness and patient
acceptability towards insulin injection treatments and can guide the development of novel
needles that are more responsive to patient demands.

Author Contributions: Conceptualization, E.B., FA. and M.R.; methodology, FA. and M.R,; valida-
tion, AAM.P, C.R. and E.B.; formal analysis, A.M.P. and C.R,; investigation, E.B., FA. and M.R,; data
curation, A.M.P. and C.R.; writing—original draft preparation, A.M.P. and C.R.; writing—review and
editing, E.B., FA. and M.R; visualization, A.M.P. and C.R.; supervision, F.A. and M.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sensors 2023, 23, 8043 14 of 15

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank RTM Breda S.rl. for the support in conducting the tests
included in the experimental study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization (WHO). Diabetes: Key Facts and Overview. Available online: https:/ /www.who.int/news-room/
fact-sheets/detail /diabetes (accessed on 12 June 2023).

2. Wright, R].; Frier, B.M. Vascular Disease and Diabetes: Is Hypoglycaemia an Aggravating Factor? Diabetes Metab. Res. Rev. 2008,
24,353-363. [CrossRef] [PubMed]

3. Roth, G. Global Burden of Disease Collaborative Network. Global Burden of Disease Study 2017 (GBD 2017) Results. Seattle,
United States: Institute for Health Metrics and Evaluation (IHME), 2018. Lancet 2018, 392, 1736-1788. [CrossRef] [PubMed]

4.  Emerging Risk Factors Collaboration. Diabetes Mellitus, Fasting Blood Glucose Concentration, and Risk of Vascular Disease: A
Collaborative Meta-Analysis of 102 Prospective Studies. Lancet 2010, 375, 2215-2222. [CrossRef] [PubMed]

5. Jin, C.-Y; Yu, S.-W.; Yin, J.-T.; Yuan, X.-Y.; Wang, X.-G. Corresponding Risk Factors between Cognitive Impairment and Type 1
Diabetes Mellitus: A Narrative Review. Heliyon 2022, 8, €10073. [CrossRef] [PubMed]

6. Himsworth, H.P. Diabetes Mellitus. Its Differentiation into Insolin-Sensitive and Insulin-Insensitive Types. Lancet 1936, 230,
127-130. [CrossRef]

7. Forouhi, N.G.; Wareham, N.J. Epidemiology of Diabetes. Medicine 2014, 42, 698-702. [CrossRef]

8.  Egan, AM,; Dinneen, S.F. What Is Diabetes? Medicine 2019, 47, 1-4. [CrossRef]

9.  Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Pathophysiology
of Type 2 Diabetes Mellitus. Int. ]. Mol. Sci. 2020, 21, 6275. [CrossRef]

10. Srinivasan, B.; Taub, N.; Khunti, K.; Davies, M. Diabetes: Glycaemic Control in Type 2. BM] Clin. Evid. 2008, 2008, 0609.

11.  Prasad, M.; Chen, EW.; Toh, S.-A.; Gascoigne, N.R.J. Autoimmune Responses and Inflammation in Type 2 Diabetes. J. Leukoc.
Biol. 2020, 107, 739-748. [CrossRef]

12.  Buzzetti, R.; Zampetti, S.; Maddaloni, E. Adult-Onset Autoimmune Diabetes: Current Knowledge and Implications for Manage-
ment. Nat. Rev. Endocrinol. 2017, 13, 674—686. [CrossRef] [PubMed]

13. American Diabetes Association (ADA). Insulin Routines. Available online: https://diabetes.org/healthy-living /medication-
treatments/insulin-other-injectables/insulin-routines (accessed on 12 June 2023).

14. JaneZz, A.; Guja, C.; Mitrakou, A.; Lalic, N.; Tankova, T.; Czupryniak, L.; Tabdk, A.G.; Prazny, M.; Martinka, E.; Smircic-Duvnjak,
L. Insulin Therapy in Adults with Type 1 Diabetes Mellitus: A Narrative Review. Diabetes Ther. 2020, 11, 387-409. [CrossRef]
[PubMed]

15. Kesavadev, J.; Saboo, B.; Krishna, M.B.; Krishnan, G. Evolution of Insulin Delivery Devices: From Syringes, Pens, and Pumps to
DIY Artificial Pancreas. Diabetes Ther. 2020, 11, 1251-1269. [CrossRef] [PubMed]

16. Sims, EK,; Carr, A.LJ.; Oram, R.A.; DiMeglio, L.A.; Evans-Molina, C. 100 Years of Insulin: Celebrating the Past, Present and
Future of Diabetes Therapy. Nat. Med. 2021, 27, 1154-1164. [CrossRef]

17. Bahendeka, S.; Kaushik, R.; Swai, A.B.; Otieno, F.; Bajaj, S.; Kalra, S.; Bavuma, C.M.; Karigire, C. EADSG Guidelines: Insulin
Storage and Optimisation of Injection Technique in Diabetes Management. Diabetes Ther. 2019, 10, 341-366. [CrossRef]

18. Hansen, B.; Matytsina, I. Insulin Administration: Selecting the Appropriate Needle and Individualizing the Injection Technique.
Expert Opin. Drug Deliv. 2011, 8, 1395-1406. [CrossRef]

19. Hayek, A.A.A,; Dawish, M.A.; Hayek, A.A.A.; Dawish, M.A. Evaluating the User Preference and Level of Insulin Self-
Administration Adherence in Young Patients With Type 1 Diabetes: Experience With Two Insulin Pen Needle Lengths. Cureus
2020, 12, e8673. [CrossRef]

20. American Diabetes Association. Standards of Medical Care in Diabetes—2022 Abridged for Primary Care Providers. Clin. Diabetes
2022, 40, 10-38. [CrossRef]

21. Associazione Medici Diabetologi. Standard di Cura del Diabete Mellito AMD-SID 2018; AMD: Roma, Italy, 2018.

22. Preestmark, K.A; Jensen, M.L.; Madsen, N.B.; Kildegaard, J.; Stallknecht, B.M. Pen Needle Design Influences Ease of Insertion,
Pain, and Skin Trauma in Subjects with Type 2 Diabetes. BM] Open Diabetes Res. Care 2016, 4, €000266. [CrossRef]

23. Hirose, T.; Ogihara, T.; Tozaka, S.; Kanderian, S.; Watada, H. Identification and Comparison of Insulin Pharmacokinetics Injected
with a New 4-Mm Needle vs 6- and 8-Mm Needles Accounting for Endogenous Insulin and C-Peptide Secretion Kinetics in
Non-Diabetic Adult Males. J. Diabetes Investig. 2013, 4, 287-296. [CrossRef]

24. Hirsch, L.; Gibney, M.; Berube, J.; Manocchio, J. Impact of a Modified Needle Tip Geometry on Penetration Force as Well as
Acceptability, Preference, and Perceived Pain in Subjects with Diabetes. ]. Diabetes Sci. Technol. 2012, 6, 328-335. [CrossRef]
[PubMed]

25. Aronson, R; Bailey, T.; Hirsch, L.; Saltiel-Berzin, R. Advances in Insulin Injection Research Influences Patient Adherence. US

Endocrinol. 2013, 9, 114-118. [CrossRef]


https://www.who.int/news-room/fact-sheets/detail/diabetes
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1002/dmrr.865
https://www.ncbi.nlm.nih.gov/pubmed/18461635
https://doi.org/10.1016/S0140-6736(18)32203-7
https://www.ncbi.nlm.nih.gov/pubmed/30496103
https://doi.org/10.1016/S0140-6736(10)60484-9
https://www.ncbi.nlm.nih.gov/pubmed/20609967
https://doi.org/10.1016/j.heliyon.2022.e10073
https://www.ncbi.nlm.nih.gov/pubmed/35991978
https://doi.org/10.1016/S0140-6736(01)36134-2
https://doi.org/10.1016/j.mpmed.2014.09.007
https://doi.org/10.1016/j.mpmed.2018.10.002
https://doi.org/10.3390/ijms21176275
https://doi.org/10.1002/JLB.3MR0220-243R
https://doi.org/10.1038/nrendo.2017.99
https://www.ncbi.nlm.nih.gov/pubmed/28885622
https://diabetes.org/healthy-living/medication-treatments/insulin-other-injectables/insulin-routines
https://diabetes.org/healthy-living/medication-treatments/insulin-other-injectables/insulin-routines
https://doi.org/10.1007/s13300-019-00743-7
https://www.ncbi.nlm.nih.gov/pubmed/31902063
https://doi.org/10.1007/s13300-020-00831-z
https://www.ncbi.nlm.nih.gov/pubmed/32410184
https://doi.org/10.1038/s41591-021-01418-2
https://doi.org/10.1007/s13300-019-0574-x
https://doi.org/10.1517/17425247.2011.614229
https://doi.org/10.7759/cureus.8673
https://doi.org/10.2337/cd22-as01
https://doi.org/10.1136/bmjdrc-2016-000266
https://doi.org/10.1111/jdi.12035
https://doi.org/10.1177/193229681200600216
https://www.ncbi.nlm.nih.gov/pubmed/22538142
https://doi.org/10.17925/USE.2013.09.02.114

Sensors 2023, 23, 8043 15 of 15

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

Miyakoshi, M.; Kamoi, K.; Iwanaga, M.; Hoshiyama, A.; Yamada, A. Comparison of Patient’s Preference, Pain Perception, and
Usability between Micro Fine Plus® 31-Gauge Needle and Microtapered NanoPass® 33-Gauge Needle for Insulin Therapy.
J. Diabetes Sci. Technol. 2007, 1, 718-724. [CrossRef] [PubMed]

Fidan, O, Sanlialp Zeyrek, A.; Arslan, S. Subcutaneous Injections: A Cross-Sectional Study of Knowledge and Practice Preferences
of Nurses. Contemp. Nurse 2023, 59, 214-226. [CrossRef]

De Berardis, G.; Scardapane, M.; Lucisano, G.; Abbruzzese, S.; Bossi, A.C.; Cipponeri, E.; D’Angelo, P.; Fontana, L.; Lancione, R.;
Marelli, G. Efficacy, Safety and Acceptability of the New Pen Needle 34Gx 3.5 Mm: A Crossover Randomized Non-Inferiority
Trial; AGO 02 Study. Curr. Med. Res. Opin. 2018, 34, 1699-1704. [CrossRef]

Valentini, M.; Scardapane, M.; Bondanini, F,; Bossi, A.; Colatrella, A.; Girelli, A.; Ciucci, A.; Leotta, S.; Minotti, E.; Pasotti, F.
Efficacy, Safety and Acceptability of the New Pen Needle 33G x 4 Mm. AGO 01 Study. Curr. Med. Res. Opin. 2015, 31, 487-492.
[CrossRef]

International Organization for Standardization. ISO 7864:2016(En), Sterile Hypodermic Needles for Single Use—Requirements
and Test Methods. Available online: https://www.iso.org/obp /ui/#iso:std:is0:7864:ed-4:v1:en (accessed on 13 June 2023).
Jiang, T,; Li, A.; Zhang, M.; Zhou, Z.; Wang, L.; Zhang, X.; Zhang, Y.; Zhang, Q. Measuring Self-Management Among People with
Diabetes Mellitus: A Systematic Review of Patient-Reported Diabetes-Specific Instruments in English and Chinese. Adv. Ther.
2023, 40, 769-813. [CrossRef]

Heinemann, L.; Nguyen, T.; Bailey, T.S.; Hassoun, A.; Kulzer, B.; Oliveria, T.; Reznik, Y.; de Valk, H-W.; Mader, ] K. Needle
Technology for Insulin Administration: A Century of Innovation. J. Diabetes Sci. Technol. 2023, 17, 449-457. [CrossRef]

Petersen, C.; Zeis, B. Syringe Siliconisation Trends, Methods and Analysis Procedures. Int. Pharm. Ind. 2015, 7, 78-84.
Chantelau, E.; Lee, D.M.; Hemmann, D.M.; Zipfel, U.; Echterhoff, S. What Makes Insulin Injections Painful? BM] 1991, 303, 26-27.
[CrossRef]

Le Raccomandazioni Italiane Simdo in Tema di Qualita” dei Dispositivi per la Somministrazione Dell’'insulina—Simdo.it—Societa
Italiana Metabolismo Diabete Obesita. Available online: https://www.simdo.it/2021/12/03/le-raccomandazioni-italiane-simdo-
in-tema-di-qualita-dei-dispositivi-per-la-somministrazione-dellinsulina/ (accessed on 12 June 2023).

Gradel, A K]J.; Porsgaard, T.; Lykkesfeldt, J.; Seested, T.; Gram-Nielsen, S.; Kristensen, N.R.; Refsgaard, H.H.F. Factors Affecting
the Absorption of Subcutaneously Administered Insulin: Effect on Variability. J. Diabetes Res. 2018, 2018, e1205121. [CrossRef]
[PubMed]

Aronson, R. The Role of Comfort and Discomfort in Insulin Therapy. Diabetes Technol. Ther. 2012, 14, 741-747. [CrossRef]
[PubMed]

Aronson, R.; Gibney, M.A.; Oza, K.; Bérubé, J.; Kassler-Taub, K.; Hirsch, L. Insulin Pen Needles: Effects of Extra-Thin Wall Needle
Technology on Preference, Confidence, and Other Patient Ratings. Clin. Ther. 2013, 35, 923-933.e4. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/193229680700100516
https://www.ncbi.nlm.nih.gov/pubmed/19885140
https://doi.org/10.1080/10376178.2023.2209207
https://doi.org/10.1080/03007995.2018.1491396
https://doi.org/10.1185/03007995.2014.993025
https://www.iso.org/obp/ui/#iso:std:iso:7864:ed-4:v1:en
https://doi.org/10.1007/s12325-022-02361-5
https://doi.org/10.1177/19322968211059564
https://doi.org/10.1136/bmj.303.6793.26
https://www.simdo.it/2021/12/03/le-raccomandazioni-italiane-simdo-in-tema-di-qualita-dei-dispositivi-per-la-somministrazione-dellinsulina/
https://www.simdo.it/2021/12/03/le-raccomandazioni-italiane-simdo-in-tema-di-qualita-dei-dispositivi-per-la-somministrazione-dellinsulina/
https://doi.org/10.1155/2018/1205121
https://www.ncbi.nlm.nih.gov/pubmed/30116732
https://doi.org/10.1089/dia.2012.0038
https://www.ncbi.nlm.nih.gov/pubmed/22537418
https://doi.org/10.1016/j.clinthera.2013.05.020
https://www.ncbi.nlm.nih.gov/pubmed/23790553

	Introduction 
	Materials and Methods 
	The Insertion–Extraction Cycle 
	Energy as Expression of Perceived Pain 
	The Curve Profile 
	Experimental Study 
	Statistical Analysis and Results Comparison 

	Results 
	Insertion–Extraction Cycle Results 
	Force Analysis 
	Energy Analysis 

	Discussion 
	Conclusions 
	References

