
  

Abstract—In this paper, we describe a method of measuring 

the force applied to a finger pad by attaching two strain gauges 

to the nail. We target sewing work at production sites. To 

measure the dexterous fingertip force work, we determine the 

position where the strain gauge is attached based on how the 

nails are distorted upon force application. Additionally, we 

devise a procedure for proper installation and removal of the 

proposed sensor. Then, we verify via experiments that the force 

in the shear direction can be measured and work needing fine 

fingertip force can be classified. In conclusion, the proposed 

sensor offers more detailed sensing than conventional sensors. 

I. INTRODUCTION 

Manual product manufacturing involves many tasks that 

require dexterous finger movement. In such a situation, 

workers dexterously operate target parts using their skills. In 

the acquisition of these skills via sensor measurement, the 

measurement method should first be considered. Sensing 

should be accomplished without impairing the skill of the 

expert. This is because, depending on the required operation, 

contact feeling is important for the operator, and appropriate 

data may not be obtained using a sensing method that impairs 

this contact feeling.  

The purpose of this study is to construct a sensor system 

for measuring fingertip force that can be used in manufactur-

ing work that requires fine fingertip force. One such work is 

sewing. Sewing machines are conveniently used in sewing 

work, but people are still needed to handle cloth parts dexter-

ously. Despite automation efforts [1] [2], the work that can be 

targeted remains limited. Therefore, there are great expecta-

tions for future automation technology. It is also desirable to 

enhance the functions of the sewing machine and enable 

work that does not require skill. In any case, the first task is 

to measure the fingertip force of skilled persons in the manu-

facture of fabric products and identify their operational skills. 

Incorporation of the results into sewing machines and related 

automatic machines may contribute to solving labor shortag-

es. In addition to sewing work, similar effects can be ex-

pected for packaging in food factories and cable wiring in the 

assembly of electrical appliances.  

On the basis of the aforementioned considerations, this pa-

per proposes a method for measuring the force applied to the 

fingertips. We attach two strain gauges to a human nail and 

measure the magnitude and direction of the force applied to 

the finger pad. Similar sensing methods have been proposed 

for collecting biological data [3, 4]. On the contrary, this 

study aims at measurement at product manufacturing sites. 

Additionally, matters that are not considered in conventional 

studies are addressed.  

The main contributions of this study are as follows. 

 By attaching two strain gauges to a nail, we measure the 
magnitude and direction of various forces applied to the 
finger pad with high accuracy. 

 Since data will be collected from actual workers, the 
volume of the sensor at the fingertips is minimized. We 
also devise a method of installing the proposed sensor 
and show its process. Then, we examine a calibration 
method suitable for the proposed method. 

 We construct an actual sensor system and conduct basic 
experiments and fabric manipulation experiments. We 
confirm the effectiveness of the proposed sensor by 
solving a classification problem. 

The structure of this paper is as follows. In the next section, 
we introduce related work. In Section III, we explain our 
target issues and the developed approach. The proposed sen-
sor is explained in detail in Section IV, and the experimental 
results are shown in Section V. Finally, we conclude this 
study in Section VI. 

II. RELATED WORK 

A. Measurement of Workers and Their Skill Extraction 

The background of this study is that there is a need for a 

measurement device to extract professional worker skills. 

Therefore, we first surveyed previous studies on what devic-

es are used to extract skills. Yokoyama et al. [5] acquired 

skills in painting with a roller brush. Ikeda et al. [6] obtained 

skills in grooving work with a milling machine and chamfer-

ing work with a file. Ikemoto et al. [7] extracted skills in car 

spray gun painting. In the aforementioned studies, optical 

motion capture was used to measure human body move-

ments and tool motion.  
Motion sensors, such as inertial measurement units 

(IMUs), have also been used to measure body movements. 

Ahmadi et al. [8] measured human body movements using a 

gyro sensor and extracted the characteristics of a skilled ten-

nis player during a serve. Lai et al. [9] and Okuda et al. [10] 

identified the difference between skilled and unskilled golf 

swings. Lai et al. [9] attached IMUs to the arms, pelvis, and 

upper trunk to measure body movements, whereas Okuda et 
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al. [10] measured body movements via optical motion cap-

ture and reaction force from the floor. Ghasemzadeh et al. 

[11] evaluated baseball swing skill levels from the meas-

urement of multiple IMUs worn on the body. Enokibori et al. 

[12] found a relationship between the extraction of the sand-

ing skill of metal ingots and verbalized skill evaluation. 

IMUs were attached to several parts of the body, and the 

velocities of the head and hips were calculated. The IMUs 

could measure more easily than optical motion capture. 

However, the measurement accuracy was unsatisfactory. 

Williams et al. [13] attached an IMU to a tennis racket and 

extracted skills. Irie et al. [14] estimated the posture of a 

table tennis racket by combining a monocular camera and an 

IMU. In summary, optical motion capture is effective when 

measuring relatively large objects, whereas IMUs are used to 

measure objects with high velocities.  

There are also studies on manipulating smaller objects. 

Hayashi et al. [15] extracted skills for kitchen knife opera-

tion. Artificial markers were attached to a kitchen knife to 

measure three-dimensional movement, and skilled and un-

skilled people were compared. Zhang et al. [16] used a mo-

nocular camera and a special cylindrical marker to measure 

the posture of a small surgical instrument. As described 

above, hand and tool movement can be estimated. Nonethe-

less, the addition of fingertip force information to such esti-

mation should enable the acquisition of more appropriate 

data for skill extraction. 

B. Sensing of Force Applied to Fingertips 

We summarize studies that measured the force applied to 

the fingertips. Okuyama et al. [17] installed a load cell under 

an object and measured the force. Serina et al. [18] used a 

camera and a force sensor to measure the relationship be-

tween contact force and the fingertip pulp. These methods 

can measure force in a stable manner, but the objects that 

can be measured are limited. Additionally, the sensor needs 

to be replaced each time the target changes. 

Park et al. [18] measured force with a glove-type sensor. 

Cerveri et al. [19] measured force using a rubber-like finger 

cot that combines a barometric pressure sensor and a printed 

circuit board. Mo et al. [2] constructed a measurement sys-

tem that combines cameras, data gloves, and fingertip force 

sensors. Sensing is based on the fact that the cross-sectional 

shape of the finger changes when the finger pad is pressed. 

These studies are useful for stable force measurement and 

accurate hand posture. However, because these devices cov-

er most of the hand, they may hinder finger movement.  

Nakatani et al. [20] measured the force applied to the fin-

gertip by placing the finger in a sensor device and using the 

finger deformation occurring in the horizontal direction upon 

the application of a contact force. Castellini et al. [21] meas-

ured the force applied to the finger from the deformation of 

the wrist by attaching a bracelet-like device equipped with a 

force sensor. These devices have a certain level of compact-

ness. However, there remains room for reducing the volume 

of such devices for measuring fingertip force work.  

Sensors with small volumes have been developed. 

Shimawaki et al. [4] attached a strain gauge to the nail and 

estimated the force in one direction from the amount of de-

formation of the nail when force was applied to the finger 

pad. Stephan et al. [22] observed the blood circulation state 

of the fingertips using LEDs and a photodetector and distin-

guished the blood patterns when various forces were applied. 

Sakuma et al. [3] measured the magnitude and direction of 

force applied to the finger pad by acquiring the amount of 

deformation of the nail using strain gauges. Overall, the use 

of small sensors to measure force applied to the finger pad is 

gradually improving. However, the measurement accuracy 

needs to be enhanced. Therefore, we improve the method of 

measuring the force applied to the finger pad from the 

amount of deformation of the nail.  

III. ISSUES AND PROPOSED APPROACH 

A. Issues  

In product manufacturing, there are roughly four require-

ments for the measurement of force applied to the finger. 

1. The sensing method should not eliminate the sensation 

of the finger pad. Otherwise, the worker may not be able 

to perform fingertip force as usual. 

2. The sensor size and installation area should not interfere 

with fingertip force. 

3. From the measurement data, it should be possible to 

know the magnitude and direction of the force applied 

to a finger pad. 

4. The device must be easy to install and require minimal 

effort during use. This is important for the purpose of 

this study, which involves collecting data from many 

workers. From another point of view, achieving items 1 

to 3 while satisfying this point is also a challenge. 

Given these requirements, it is difficult to adopt methods 

such as the attachment of sensors to finger pads or place-

ment of large instruments on nails, such as in [2] [20].  

B. Proposed Approach 

We address requirements 1 to 4 as follows. 

1. Strain gauges are attached to a nail, and the deformation 

of the nail is measured to obtain the force applied to the 

finger pad. Nothing is attached to the finger pad, so the 

tactile sensation is maintained. 

2. The strain gauges are small and do not interfere with 

work. However, because they are highly sensitive to ex-

ternal force, it is necessary to avoid applying other ex-

ternal forces to the sensors and also the cables connect-

ed to them. Unnecessary external forces are eliminated 

by installing a cover on the upper part of the nail. This 

cover is also used to fix the cables. In summary, only 

three objects are placed on one finger: the strain gauges, 

nail cover, and cables. 

3. Two strain gauges are used, and their installation posi-

tion is carefully considered. Then, we ensure that the 

force magnitude and orientation can be measured. 

4. Strain gauges are attached to a nail sticker, which is 

attached to the nail. The sticker is easy to install and 

remove. However, some devices are required to prevent 

the deterioration of measurement accuracy due to this 

simple installation method. 



Figure 2. Left: strain gauges attached to nail; right: strain 

gauges with nail cover and fixed cables 

Figure 3. Strain gauge 

Figure 4. Parts of nail cover and parts for cable fixing 

Strain gauges can be attached to nails via several methods. 

According to Shimawaki et al. [4], when a force is applied to 

a finger pad, the deformed finger presses a nail on both of its 

sides. This causes strain on the nails. A more detailed analy-

sis was given by Sakuma et al. [3]. They quantified defor-

mation across the entire nail using a three-dimensional digi-

tal image correlation (DIC) measurement system. The result 

was used to find optimal locations on the nail for measuring 

strain forces. 

The DIC results of Sakuma et al. [3] are useful general 

knowledge. According to their findings, a nail is flat along 

its center line, so it is relatively easy to attach a strain gauge. 

The center of the nail is the part where a certain degree of 

strain occurs when the finger pad is pressed vertically 

against a surface. Therefore, it is a suitable position for 

measuring pressing forces. However, as shown in the data 

later, it is difficult to distinguish two shear forces here: the 

fingertip direction and the left direction. Therefore, we at-

tach another strain gauge in a place where this defect can be 

complemented. After numerous trials and errors, we select 

the relatively flat part near the tip of the nail. 

The left and center figures in Fig. 1 show the positions 

where the strain gauges are attached to the right index finger. 

The first strain gauge is approximately at the center, and it is 

slightly shifted to the right to keep distance from the other 

strain gauge. The second strain gauge is placed on the left 

side and near the tip of the nail. For finer sensing, it can be 

moved closer to the tip, but such position will make it diffi-

cult to handle the cable, so the original arrangement is used. 

The right side of Fig. 1 shows the positional relationship of 

the two strain gauges. Hereinafter, the strain gauge near the 

center will be called (1) and the other will be named (2). 

Wireless devices are preferred for monitoring biological 

data. In such a case, the body of the sensor system on the 

fingertip is enlarged [3]. However, this is not necessary in 

this study, so we use a wired system. The occupied volume 

at the fingertip is minimized so that the operation target is 

not caught around the fingertip. 

IV. FINGERTIP FORCE SENSING USING STRAIN GAUGES 

A. Sensor System Configuration 

The left photo in Fig. 2 shows the actual installation of the 

two strain gauges. The force applied to the finger pad, the 

direction to which it is applied, and the contact position are 

estimated from the combination of the two output values. 

The strain gauge used is KFGS-3-120-C1-27, manufactured 

by Kyowa Electric Co., Ltd., as shown in Fig. 3. The other 

elements that comprise the proposed sensor are the nail cov-

er and the cable. Figure 4 shows the original part for cover-

ing the nail and fixing the cable; it is manufactured with a 

3D printer. The combined volume of the proposed sensor at 

the fingertip is 88% smaller than that of the fingertip force 

sensor used in [2]. 

The data obtained using the proposed sensor are sent to a 

data logger via a wired connection. To organize the cables, 

the wearer puts on a wristband and fixes the cables in it. The 

transmitted data are extracted using the data logger and then 

transferred to a laptop PC. An NR-XH1 and an NR-ST04, 

manufactured by Keyence Co., Ltd., are used. The maximum 

sensor data acquisition cycle is 50 Hz.  

B. Installation Procedure 

One requirement for our sensor is that it should be easily 

attached to fingers. We explain our proposed installation 

procedure, which is formulated through trial and error.  

1. Prepare a nail sticker, and cut off the part that goes over 

the tip of the nail (Fig. 5(1)). 

2. Attach the strain gauges to the nail sticker at the speci-

fied positions with an adhesive (Fig. 5(2)). 

3. Peel off the nail sticker sheet, cut off the part that will 

adhere to the nail, and place it on the nail (Fig. 5(3)-a–

(3)-c). 

4. Place a double-sided tape between the root of the nail 

and the Distal Inter Phalangeal (DIP) joint, and stick 

the nail cover to it. Fix the strain gauge cables to the 

protruding part of the nail cover (Fig. 5(4)). 

Figure 1. Sensor attachment positions 



Figure 6. Calibration device 

5. Fix the cables on the wrist (Fig. 5(5)). 

In the initial stage of this study, we attached the strain gaug-

es with double-sided tape, but the value from the strain 

gauges was unstable because of adhesion problem. We also 

tried attaching the strain gauge directly to the nail using an 

adhesive, but it was difficult to use because installation and 

removal were time-consuming. 

By contrast, a nail sticker can adhere well to nails and 

flexibly respond to nail deformations. It can also be easily 

removed using a nail polish remover. The nail sticker used is 

from Newport Co., Ltd. The adhesive CC33-A, manufac-

tured by Kyowa Electric Co., Ltd., is used to attach the strain 

gauges to the nail sticker. This is a room-temperature, cur-

ing-type instant adhesive that can properly bond the strain 

gauges. 

C. Calibration 

It is necessary to correct the value obtained from the pro-

posed sensor to the force actually applied to the finger pad. 

The device shown in Fig. 6 is used for calibration. A thin, 

hard plate is attached to the measurement surface of a tactile 

sensor capable of measuring force on three axes (Shokac 

T40 chip, manufactured by Touchence Co., Ltd.), and the 

device is placed on a horizontal table with the plate facing 

up. 

An example of the measurement data obtained using this 

device is shown in the upper left part of Fig. 7. In this meas-

urement, the proposed sensor is attached to the right index 

finger and pressed against the plate multiple times while the 

force applied to the tactile sensor is adjusted to 10 N. The 

horizontal axis of the graph (a) is time, and the vertical axis 

on the left and the blue line show the output of the tactile 

sensor. The orange line based on the vertical axis on the 

right side indicates the output of the strain gauge (1). This 

graph shows a negative relationship between the pressing 

force and the value of the strain gauge. 

The upper right graph (b) is a plot of the relationship be-

tween the value of the tactile sensor and the value of the 

strain gauge. There is a slightly nonlinear relationship, and 

approximation by the logarithmic function can be applied. 

Therefore, the data are corrected by solving 𝑎 and 𝑏 in the 

following equation using the least-squares method. 

 𝑦 = 𝑎 log 𝑥 + 𝑏 (1) 

The lower graphs (c) and (d) of Fig. 7 show the calibrated 

results. The root mean square error is 1.13 N. (The root 

mean square error by linear approximation is 2.57 N.) 

V. VERIFICATION EXPERIMENTS 

A. Verification Items 

Several experiments were performed to verify the effec-

tiveness of the proposed sensor. The evaluation criteria and 

content of each experiment are as follows. 

1. Sensor output against shear force: Almost previous 

sensors attached to fingertips measure force from just 

the pressing direction. To show the significance of the 

proposed sensor, we confirmed its ability to measure 

shear forces.  

2. Influence of individual differences: The proposed sen-

sor is expected to be attached to an unspecified number 

of people. Therefore, it is important to know the differ-

ence of sensor data between persons and appropriate-

ness of our calibration method. 

3. Failure detection performance in the action of turning a 

sheet of fabric: This experiment was conducted to in-

vestigate how well the proposed sensor works with fab-

ric-manipulating. The sensor was used to estimate 

whether only one piece of fabric sheet was pinched or 

two or more sheets were pinched simultaneously. 

4. Measurement of sewing work: In an actual sewing pro-

cess, sensors were attached to multiple fingers, and da-

ta were acquired. This experiment was performed to 

examine whether the proposed sensor can be used in 

actual work. 

The following subsections report the experimental results. 

Unless otherwise specified, the proposed sensor was at-

tached to the index finger of the dominant arm.  

Figure 5. Installation procedure 

Figure 7. Raw measurement data and calibration results 

(a) (b) 

(c) (d) 



Figure 8. Examples of cloth parts (The orange dashed line indi-

cates the fiber direction of the fabric.) 

B. Sensor Output for Shear Force 

The proposed sensor was attached to a finger, and the cen-

ter of the finger pad was pressed against the device shown in 

Fig. 6. In that state, shear force was applied in the directions 

(b) to (e), as shown in the left side of Fig. 8, for 5 s each. 

The subject was asked to maintain a 2-N tactile sensor out-

put value to ensure that the influence of the amount of nail 

deformation due to the force in the pressing direction re-

mained the same. 

The right graph in Fig. 8 shows the result. Regarding the 

shear forces in the upward (b) and leftward (e) directions, 

the values of strain sensor (1) were indistinguishable. This 

result is consistent with the DIC image by Sakuma et al. [3]. 

Use of the data from strain sensor (2) made it possible to 

distinguish them. Findings showed that highly discriminative 

data can be obtained by combining the output values of the 

two strain gauges. 

C. Individual Differences in Measurement Data 

The proposed sensor is to be calibrated each time it is 

newly attached to a finger. Individual differences and varia-

tions due to installation are absorbed during this time. None-

theless, it is necessary to know whether or not data that can 

be approximated by a logarithmic function can be obtained 

from anyone. 

Figure 9 shows the data of strain gauge (1) obtained from 

four men in their 20s. They performed an operation involv-

ing pressing the finger vertically downward, and the output 

value of the proposed sensor when the value of the tactile 

sensor on the desk was 0–10 N was extracted. Their results 

showed relatively large individual differences. However, in 

any subject, as the applied force increased, the value of the 

proposed sensor gradually increased in the negative direction. 

Therefore, approximation using the logarithmic function 

generally holds. 

D. Failure Detection Ability in Pinching of Fabric Sheet 

Multiple fabric sheets were neatly stacked on a desk. The 

subjects were asked to use the thumb and the forefinger to 

pinch and flip one sheet. The fabric was cotton, which is 

typically used for underwear. The sheets were thin and light 

and easily clung to each other. Therefore, multiple sheets 

were often pinched at one time. 

In the verification experiment, data from single-sheet 

pinching and multiple-sheet pinching were collected once 

for training and 10 times for testing. For the failure detection 

process, dynamic time warping, which is a method of find-

ing the similarity between two time series data, was used. 

The success rate of failure detection was 80%. There was 

a clear difference between single-sheet pinching and multi-

ple-sheet pinching. This factor is considered as follows. In 

this experiment, the work goal was to turn over only one 

sheet. However, if multiple sheets were pinched, the thick-

ness of the cloth would increase. Because the distance be-

tween the fingertips and the force applied were originally set 

for pinching one sheet of cloth only, excessive force was 

applied because of the amount of increase in thickness and 

the output value of the strain gauge also increased.  

E. Measurement of Sewing Work  

During the actual sewing work, the force applied to the 

fingertip was measured. The gauges were attached to the 

thumb and index fingers of the right hand and the index and 

middle fingers of the left hand. The operation was the sew-

ing of rib parts to the cuffs of a shirt.  

Figure 10 presents the measurement results, which show 

which finger was used at what time. For example, while the 

fabric sheet was being placed in the initial position for sew-

ing, the fingers of the right hand were moving finely to ma-

nipulate the fabric sheet. On the other hand, the left hand 

was moving in the direction of the sewing needle while 

holding down the fabric sheet with a certain force. As other 

things observed, start point the movement of pinching and 

pulling was performed with the right hand, which is clear 

from the data. While the cloth was being fed to the sewing 

machine, small periodic changes in force were measured 

with many fingers. This is because the cloth was pressed 

alternately by the finger pads. In the future, we will further 

analyze such data and try to extract skills. 

VI. CONCLUSIONS 

In this paper, we describe a method of measuring the force 
applied to a finger pad by attaching two strain gauges to the 
nail. The position where the sensor was attached was deter-
mined considering how nails are distorted by applied force. 
We also propose sensor installation and removal procedures. 
Then, we confirmed by experiments that the force in the 
shear direction could be measured, and work requiring fine 
fingertip force could be classified. From the above, we con-
firm that the proposed sensor is capable of more detailed 
sensing than conventional sensors. 

The proposed sensor is intended for force measurement in 
fine fingertip force tasks, such as sewing. As a future pro-
spect, it is necessary to first collect data from actual sewing 
work and proceed with performance verification. Further-

Figure 9. Individual differences in measurement data 



more, in combination with the measurement of finger move-
ment, detailed skills will be extracted. 
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