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Actuators and the Detection of an Asymptomatic Tactile Sensation
Decrease in Diabetic Patients
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SUMMARY Diabetes mellitus is a group of metabolic diseases that
cause high blood sugar due to functional problems with the pancreas or
metabolism. Diabetic patients have few subjective symptoms and may ex-
perience decreased sensation without being aware of it. The commonly
performed tests for sensory disorders are qualitative in nature. The au-
thors pay attention to the decline of the sensitivity of tactile sensations,
and develop a non-invasive method to detect the level of tactile sensation
using a novel micro-vibration actuator that employs shape-memory alloy
wires. Previously, we performed a pilot study that applied the device to 15
diabetic patients and confirmed a significant reduction in the tactile sensa-
tion in diabetic patients when compared to healthy subjects. In this study,
we focus on the asymptomatic development of decreased sensation associ-
ated with diabetes mellitus. The objectives are to examine diabetic patients
who are unaware of abnormal or decreased sensation using the quantita-
tive tactile sensation measurement device and to determine whether tactile
sensation is decreased in patients compared to healthy controls. The fin-
ger method is used to measure the Tactile Sensation Threshold (TST) score
of the index and middle fingers using the new device and the following
three procedures: TST-1, TST-4, and TST-8. TST scores ranged from 1
to 30 were compared between the two groups. The TST scores were sig-
nificantly higher for the diabetic patients (P < 0.05). The TST scores for
the left fingers of diabetic patients and healthy controls were 5.9 ± 6.2 and
2.7 ± 2.9 for TST-1, 15.3 ± 7.0 and 8.7 ± 6.4 for TST-4, and 19.3 ± 7.8 and
12.7 ± 9.1 for TST-8. Our data suggest that the use of the new quantitative
tactile sensation measurement device enables the detection of decreased
tactile sensation in diabetic patients who are unaware of abnormal or de-
creased sensation compared to controls.
key words: shape-memory alloy wires, micro-vibration patterns, diabetes
mellitus, tactile sensation, sensory threshold

1. Introduction

Diabetes mellitus is a group of metabolic disorders that is
characterized by a chronic hyperglycemic condition result-
ing from insufficient insulin action and is known to cause
various symptoms and complications. The pancreas nor-
mally produces insulin, which is a kind of hormone, to con-
trol the level of glucose in the blood, however for a person
with diabetes, glucose is not used properly in the metabolic
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cycle, which causes health problems, such as polyphagia,
polyuria and polydipsia, since glucose is the main source of
energy for the body cells. An estimated 350 million people
in the world had diabetes in 2014, and the number is esti-
mated to almost double by 2030. An estimated 1.5 million
deaths were directly caused by diabetes in 2012, and the
symptoms are more common in the more developed coun-
tries. These facts mean that the changes of lifestyle and eat-
ing habits might effect to the increase of diabetes mellitus,
and in fact the greatest increase in prevalence of symptoms
is expected to occur in Asia and Africa.

When the metabolic disorder resulting from insufficient
insulin action is mild, patients may not be aware of the ma-
jority of symptoms [1]. Thus, they may remain untreated
for a long period of time or lose motivation for treatment.
However, when even mild metabolic disorders persist for a
long period of time, the risk of developing chronic compli-
cations characteristic of diabetes mellitus, such as retinopa-
thy, nephropathy, and neuropathy, is high [2]–[6]. In par-
ticular, diabetic neuropathy, which causes a decrease in vi-
bratory and tactile sensation, is a serious complication that
occurs without subjective symptoms and leads to foot ulcer-
ation or lower-extremity amputation as it progresses [7].

Commonly performed tests for sensory disorders are
qualitative, and include the monofilament test, Achilles ten-
don reflex test, and vibration perception test using a 128-Hz
tuning fork. Simple and quantitative methods of sensory
testing are needed. The authors pay attention to the differ-
ent sensitivity of tactile perception of Diabetes patients, and
develop a non-invasive screening method of the level of di-
abetes using a novel micro-vibration actuator that employs
a shape-memory alloy (SMA) wire for the presentation of
various tactile sensations to a human skin [8]. The char-
acteristics of a SMA formed into a thin wire were firstly
examined in our previous study, and a micro-vibration actu-
ator, which changed its length according to the heat given to
the body, was inventively developed. The actuator is elec-
trically driven by pulse signals generated by current con-
trol circuits, and generates micro-vibrations with different
frequencies synchronized with the pulse frequencies up to
300 Hz to be perceived as different tactile sensations. For
the tactile stimuli to a human body, the psychological effects
of the higher-level perceptual processes such as the phan-
tom sensation and the apparent movement [9] of the tactile
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sensations were also introduced in our study [10], [11]. By
using multiple actuators, a tactile display was constructed
for transmitting physical stimuli into human skin to present
novel and various tactile sensations.

Previously, we performed a pilot study using the device
in 15 diabetic patients and confirmed a significant reduction
in the tactile sensation in diabetic patients when compared
to healthy subjects [12]. At this time, the pathogenesis of
diabetic neuropathy was complicated and had not been fully
elucidated, but the polyol pathway was considered the most
likely mechanism underlying the development of diabetic
neuropathy. There was aldose reductase inhibitor (ARI) as
a drug for diabetic neuropathy. ARI, however, exhibited ef-
ficacy only in the early stage of diabetic neuropathy, and
its efficacy was weak. Given the current lack of disease-
modifying therapies for diabetic neuropathy [7], we con-
sider diabetic patients with an asymptomatic tactile sensa-
tion decrease to be important study subjects because it might
be possible to motivate these patients to attempt aggressive
treatment of diabetes mellitus for the prevention of its com-
plications from the early phase of diabetic neuropathy, prior
to the onset of subjective symptoms. Such motivation is
conveyed by objectively demonstrating asymptomatic tac-
tile sensation decrease to these patients.

In this study, we focus on the asymptomatic develop-
ment of decreased sensation associated with diabetes mel-
litus, and a novel device that quantifies finger tactile sen-
sation thresholds using micro-vibration has been developed
by presenting further variety of tactile sensations employing
the shape-memory alloy wires. Using the developed device,
we investigate whether diabetic patients who are unaware
of abnormal or decreased sensation would also show de-
creased tactile sensation, i.e., higher tactile sensation thresh-
olds, compared to healthy volunteers.

2. Tactile Receptors

In order to facilitate the sense of touch, the skin includes
four main tactile receptors: Meissner corpuscle, Merkel
disc, Ruffini ending and Pacinian corpuscle. As shown in
Fig. 1, Merkel discs are located in the epidermis approxi-
mately 10 μm in diameter, and they can sense pressure and

Fig. 1 Tactile receptors under skin

texture. Meissner corpuscles are primarily located just be-
neath the epidermis within the dermis between 30 - 140 μm
in length and 40 - 60 μm in diameter. They can sense
stroking and fluttering. Ruffini endings are also located in
the dermis around 0.5 - 2 mm in the length, and they can
sense skin stretch. Pacini corpuscles are located in the sub-
cutis, and they are about 0.5 - 2 mm in the length and ap-
proximately 0.7 mm in the diameter. According to the re-
sponse speed and size of the receptors, the four receptors
can be classified into four categories: fast adapting I and II
(FA I and FA II) and slow adapting I and II (SA I and SA
II).

The receptors are distributed with different density in
different region of a human body. Since most tactile sensa-
tion is obtained by human hands, innervation density in hu-
man hands is discussed and shown in Fig. 2 [13]. It is known
that the receptors are densely distributed in human fingers,
especially in the tip of fingers, and the fingers are sensitive
to various kinds of stimuli. The response of tactile recep-
tors is closely related with the activity of the nerve system,
and capillary vessels are also densely distributed in the tip
of fingers. If the blood flow in capillary vessels is restricted
by sugar, or capillary vessels are destroyed by blood sugar
caused by the diabetic problem, the sensitivity of tactile sen-
sation will decrease. Most of the diabetes patients, even in
the early stage of diabetes, have problems of low sensitiv-
ity of tactile sensations in fingers and feet, and the declining
degree of the sensitivity proceeds according to the progress
of diabetic stage.

In this research, the developed tactile device is em-
ployed to present various tactile stimuli to subject’s fingers,
and the sensitivity of tactile sensations is quantitatively mea-
sured by referring to the driving parameters of tactile actua-
tors.

Fig. 2 Innervation density of tactile receptors [13]
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3. Design of the Quantitative Tactile Sensation Mea-
surement Device

3.1 Compact SMA Actuator for Generating Micro-
vibration

In order to generate physical stimuli give to human skin, a
shape memory alloy wire is employed in this study. Within
typical operating temperature range, SMA has two phases,
each with a different crystal structure and therefore different
properties. One is the high temperature phase called Austen-
ite phase and the other is the low temperature phase called
Martensite phase. When the body temperature of SMA in-
creases beyond critical value, the phase of SMA will be var-
ied from Martensite phase to Austenite phase and vice versa.
Since the crystal structure of SMA is changed corresponding
to different phase, the shape of SMA is changed simultane-
ously. This unique behavior of SMA has made it popular
for actuation and sensing, and be applied in many industrial
sectors such as aerospace, automotive, biomedical, etc.

By forming SMA into a thin wire, the SMA also
presents a unique characteristic to shrink in the length di-
rection at a certain temperature. In this study, a SMA wire
(Toki Corp., BioMetal, BMF75) is selected to make a com-
pact actuator for tactile presentation, and its characteristic
is shown in Fig. 3. When the temperature of a SMA wire
arises beyond T1, the wire begins to shrink till the temper-
ature is over T2. When the temperature of the SMA wire
reduces back to T2, the wire begins to expand back to the
initial length till the temperature is below T1.

This means that the shrinkage and the return to the ini-
tial length of a SMA wire can be controlled by the pulse
current, since the alloy has electrical resistance of 0.6 ohms
per 1 mm, and accepts electrical current to heat its body. By
applying a pulse current to the SMA wire, the body tempera-
ture instantly rises due to the generated heat inside the body,
and shrinks from its initial length. When the pulse current
stops, the body instantly cools down, and recovers its ini-
tial length. The process of shrinkage and return to the initial
length of the SMA wire synchronizes completely with the
ON/OFF pulse current as shown in Fig. 4. To control the
magnitude of the vibration, the amplitude of pulse signals H

Fig. 3 Characteristics of SMA wire

and the duty ratio W/L should be properly determined based
on the calories exchanged. At the same time, the SMA tem-
perature needs to be maintained between T1 and T2 so as
to contract and return to the initial length most efficiently.
A pulse-width modulated (PWM) rectangular wave signal
with arbitrary frequency, amplitude and duty-ratio is gen-
erated in a PC, which is amplified to drive the SMA actu-
ators. The current amplifier was specially designed by the
authors for driving SMA actuators in variable frequencies
up to 300 Hz and variable voltage amplitude with suitable
current control.

As known well, the general SMA have quite slow time-
response, however, the SMA wire BMF75 with the diameter
of 75 [μm] can respond instantly, and shrink within less than
millisecond. That is the reason that we adapted BMF75 to
make a compact vibration actuator.

3.2 Vibration Actuator with a Round-Head Pin

In order to amplify the micro vibration generated by a SMA
wire to make it usable as a tactile actuator for the screen-
ing of diabetes symptoms, we employ a round-head pin,
which is fixed at the middle of the SMA wire to transform
the movement of the SMA wire to the vibration of the pin.
Figure 5 illustrates the structure of the vibration actuator
consisting of a 75 [μm] (diameter) × 3 [mm] (length) SMA
wire and a 1.4 [mm] (diameter) × 3 [mm] (length) round-
head pin.

The SMA wire generates continuous synchronization
with the state of the ON/OFF pulse current, causing the pro-

Fig. 4 Pulse Signal for Driving SMA

Fig. 5 Structure of Vibration Actuator
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Fig. 6 Tactile display for screening diabetes

Fig. 7 Presentation of tactile vibratory stimuli

cess of SMA wire to shrink and return to its initial length.
This vibration is transmitted to the round-head pin. With
this structure, the round-head pin successfully amplifies the
vibration of a SMA wire, so that even diabetic patients with
lower tactile sensitivity can recognize the tactile stimuli gen-
erated by the vibration of the pin, when they lightly touches
the vibration pins with their fingertips.

3.3 Structure of Tactile Display for the Detection of Dia-
betes Mellitus Patients

By arranging eight tactile-pin actuators in an array, a screen-
ing system of diabetes is constructed. As shown in Fig. 6,
two tactile arrays are settled in a tactile display part, on
which a patient places his index and middle fingers along
with the indicators, so that the tips of the two fingers touch
to the arrays.

The presentation of vibratory stimuli generated by the
tactile pins is made by utilizing tactile higher-level percep-
tual processes [9]. When the pins in an array are driven by
pulse current signals with time delays as shown in Fig. 7, a
subject is expected to perceive that a vibratory object contin-
uously moves from Ch. 1 (fingertip) to Ch. 8 (second joint
of a finger), due to the effects of tactile apparent movement
perception. In this manner, moving tactile stimuli can be
presented to different directions, according to the time delay
among tactile pins.

For verifying the validity of the tactile presentation us-
ing apparent movement perception, we preliminarily tested

Table 1 Driving signal for each amplitude level

the vibratory movement by changing the frequencies and the
amplitudes with different time delays. Based on this test, the
amplitude of the vibration was divided into 30 steps from 1,
with the lowest amplitude being difficult for healthy people
with normal tactile sensitivity to perceive the movement, to
30, which has the greatest amplitude and is perceived even
by a diabetic subject with severely damaged tactile sensa-
tion.

The driving pulse signal for each amplitude level of
vibration is shown in Table 1. As presented in Fig. 4, the
amplitude of vibration is controlled by selecting the param-
eters W, L, and V. We carefully examined the parameter val-
ues and determined them such that the intensity of vibra-
tion continuously increases from level 1 to 30, based on an
experiment of tactile perception by employing three health
subjects.

To examine the lowest threshold of tactile sensitivity of
the index and middle fingers, we propose the Tactile Sensa-
tion Threshold (TST) score. The subject places his or her
index and middle fingers on the pin arrays and is presented
with tactile stimuli at different vibration frequencies and
amplitudes in random directions. Through “yes” or “no”
responses to questions about tactile perception, the system
measures the threshold of tactile presentation, which is re-
lated to the severity of decreased sensation. This tactile sen-
sation threshold measurement method is defined as the fin-
ger method.
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4. Experiment for the Detection of Diabetes Mellitus
Subjects Based on TST Scores

4.1 Experimental Procedures Using the Finger Method

We performed three different procedures using the finger
method to examine the device’s ability to reflect the level
of decreased sensation. The first procedure presented tac-
tile stimuli simultaneously to both fingers in one direction
starting at the fingertips (Pattern 6 in Fig. 8) and asked sub-
jects if they perceived the presented stimuli. This procedure,
known as the Tactile Sensation Threshold 1 direction test
(TST-1), examined the perception of tactile stimuli in two
fingers. The second procedures were to present one mov-
ing stimulus to one of the two fingers in a random direction
and require the subject to identify the finger and direction.
This procedure, known as the TST 4 directions test (TST-
4), required the subject to identify the tactile perception as
one of four patterns (Patterns 1, 2, 3, and 4 in Fig. 8). The
third procedure, known as the TST 8 directions test (TST-
8), stimulated one or both fingers with moving stimuli in
random directions. The subject was required to identify the
finger(s) and the direction of movement from the eight pat-
terns presented in Fig. 8.

4.2 Subjects and Data Collection

This cross-sectional study included 31 consecutive type 2
diabetic outpatients and 32 healthy control subjects present-
ing at Takamatsu Heiwa Hospital and Kagawa University
Hospital between 2013 and 2014. Only diabetic patients
who were unaware of abnormal or decreased sensation were
included. Subjects were excluded from the study if they met
any of the following criteria: peripheral arterial occlusive
disease, chronic alcohol abuse, lumbar spine disorders, se-
vere renal failure, critical liver disease, or any other cause of
peripheral neuropathy. The study was approved by the in-
stitutional ethics committee, and written informed consent
was obtained from all subjects.

Subject characteristics, including age, sex, smoking
status, and blood pressure, were recorded for all subjects.
Low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), HbA1c, and duration of

Fig. 8 Eight patterns of moving directions of tactile stimuli

diabetes were recorded only for diabetic patients.

4.3 Reproducibility

In each procedure, the examination started with the lowest
vibratory amplitude and it was increased in a stepwise man-
ner until the subject recognized the tactile stimulus. If the
subject answered correctly for at least two of the three stim-
uli of the same amplitude, the amplitude was decreased one
step. This was continued until the subject failed to correctly
answer twice, then the previous step stimulus, which was
the lowest threshold of tactile sensitivity, was recorded as
the TST score.

To assess TST score reproducibility, intra- and inter-
examiner agreement tests were performed with 10 healthy
volunteers. To evaluate the inter-examiner reproducibility,
the volunteers underwent the three finger method procedures
twice on the same day, with the tests administered by two
separate examiners. To evaluate the intra-examiner repro-
ducibility, the volunteers underwent the three finger method
procedures twice with the same examiner at a 4-week inter-
val. Intra- and inter-rater agreement values were determined
using Spearman’s rank correlation coefficient between tests.

4.4 Subjects and Data Collection

The statistical methods used to compare groups included
χ2 tests for nominal variables and Mann-Whitney U tests
for ordered categorical variables. All statistical analyses
were performed using SPSS version 22.0 (Tokyo, Japan).
A P value of <0.05 was considered statistically significant.
Missing results were excluded from analyses.

5. Results and Analysis

The diabetic patients and healthy controls showed no signif-
icant differences in their clinical characteristics between the
two groups (Table 2). Significant differences in TST scores
were detected by all test procedures except for TST-1 for
the right fingers (Table 3). No significant laterality was ob-
served in the TST score for any of the three procedures.

In the diabetic patients, TST score measured by the fin-
ger method using the new device was significantly higher
than in the healthy controls in the TST-1 left, TST-4 left,
TST-4 right, TST-8 left, and TST-8 right conditions.

In the TST-1 right test, the scores tended to be higher
for the diabetic patients than the healthy controls, but no
significant difference was observed.

To determine the inter-examiner reproducibility be-
tween two examiners, Spearman’s rank correlation coeffi-
cients for TST-1 left, TST-1 right, TST-4 left, TST-4 right,
TST-8 left, and TST-8 right were 0.80, 0.92, 0.89, 0.99, 0.98,
and 0.98, respectively. Similarly, in the evaluation of intra-
examiner reproducibility between the tests, Spearman’s rank
correlation coefficients for each test procedure were 0.99,
0.81, 0.99, 0.99, 0.99, and 0.98, respectively.
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Table 2 Characteristics of healthy controls and diabetic patients

Table 3 Scores on the tactile sensation threshold test

The TST scores measured by the tactile sensation mea-
surement device that we developed were higher in the dia-
betic patients than in the healthy controls for all test proce-
dures. This indicates that diabetic patients who are unaware
of abnormal or decreased sensation have higher tactile sen-
sation thresholds, i.e., decreased tactile sensation, compared
to healthy controls.

While we performed 3 different tactile sensation test
procedures each with the left and right fingers, for a total of
6 procedures, the TST scores of the diabetic patients were
significantly higher than those of the healthy controls in the
TST-1 left, TST-4 left, TST-4 right, TST-8 left, and TST-8
right conditions. However, in the TST-1 right test, the scores
tended to be higher for the diabetic patients than the healthy
controls, but no significant difference was observed. More-
over, although the P value of 0.025 for TST-1 left indicates
a significant difference, it is greater than the P values for the
TST-4 and TST-8 conditions. We believe that this indicates
the limitation of the TST-1 as a test procedure. This greater
P value may be attributable to the fact that TST-1 scores are
based on self-reporting by subjects on whether they have
perceived a certain intensity of tactile stimulation. Exam-
iners cannot know whether subjects have perceived the pre-

sented tactile stimuli. Because it is human nature to wish to
be more normal and healthier, there may be subjects who re-
port that they have perceived lower levels of vibration than
the levels that they can actually perceive. This limitation
is also applicable to the conventional vibration perception
test using a tuning fork. Meanwhile, because the TST-4 and
TST-8 require subjects to not only perceive the tactile stim-
uli but also identify the direction of stimulation in order to
answer correctly, the effects of self-reporting by subjects is
eliminated. Thus, among the 3 different test procedures used
in the present study, the TST-4 and TST-8 are more useful
for detecting decreased tactile sensation than TST-1.

The subjects showed differences in the perception of
each tactile stimulus, as exemplified by the eight patterns
shown in Fig. 8. Tactile stimuli presented to both the index
and the middle fingers in the same direction, as in Patterns
5 and 6, appeared to be the easiest for the subjects to per-
ceive. The second easiest tactile stimuli to perceive were
apparently those presented to one of the two fingers as in
Patterns 1, 2, 3, and 4. Patterns 7 and 8 are associated with
the lowest perception rate. When tactile stimuli of these pat-
terns were presented, some subjects became confused. Al-
though Patterns 7 and 8 are tactile stimuli presented to both
the index and the middle fingers as with Patterns 5 and 6,
a major difference is that the directions of the tactile stim-
uli cross each other in the former. This might have caused
differences in perception among the subjects. Most notably,
because it is uncommon for humans to receive tactile stim-
uli at the index and middle fingers from different directions,
such stimulation patterns may be difficult to perceive. The
low perception rates for Patterns 7 and 8 might be associated
with the TST-8 scores being higher than the TST-4 scores,
as shown in Table 3. Further detailed studies are needed on
the differences in perception rates for stimulation patterns.

A nerve conduction (NC) study, which is a quantitative
method of sensory testing apart from our tactile sensation
measurement device, could be performed. However, a NC
study requires a significant time commitment and is very ex-
pensive. In addition, assessment of NC abnormality is diffi-
cult because NC values vary depending on patient character-
istics such as age, height, and weight [14]. For instance, one
criterion for NC normality is Σ 5 NC normal deviate score
< 95th percentile [15], [16]. It is difficult to set normal NC
values based on patient characteristics and normal deviate
scores.

In contrast to NC study, the finger method using the
tactile sensation measurement device is simple and can be
performed in a few minutes, similar to the commonly per-
formed tests for sensory disorders, such as the vibration per-
ception test using a tuning fork. In addition, this method
has several advantages compared to the current tests. First,
the method can be performed by subjects themselves with-
out the help of an examiner. Second, it is a quantitative,
rather than qualitative, test that can provide test results with
numerical values. Given that many diabetic patients have
few subjective symptoms, explicitly stated tactile sensation
thresholds may contribute to enhanced motivation for treat-
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ment.
The present study has several limitations. First, there

was no significant difference in the TST scores on the TST-
1 right between the healthy controls and diabetic patients.
When the device is used to examine tactile sensation thresh-
olds, TST-4 and TST-8, which are more objective than TST-
1, seem to be more appropriate procedures. Second, al-
though the assessment of TST score reproducibility yielded
relatively high correlation coefficients, the reproducibility
was confirmed in a small sample. In the future, the repro-
ducibility needs to be confirmed in a larger sample.

6. Conclusions

In this study, we focused on the asymptomatic develop-
ment of decreased sensation associated with diabetes mel-
litus, and developed a quantitative and non-invasive detec-
tion method of the level of tactile sensation using a novel
micro-vibration actuator that employs shape-memory alloy
wires. We showed that the sensory threshold of index and
middle fingers was significantly higher in diabetic patients
who were unaware of abnormal or decreased sensation than
in healthy subjects. These results indicated that tactile sen-
sation is decreased in diabetic patients compared to healthy
subjects. Our data suggest that the use of the new quanti-
tative tactile sensation measurement device may enable the
detection of decreased tactile sensation in diabetic patients.
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