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Abstract : Recent advancements in optics technology enable us to realize fast scans of hands using two-dimensional (2D)
image scanners. In this paper, we propose an automatic hand measurement system using 2D image scanners for cus-
tomized glove production. To develop the automatic hand measurement system, firstly hand scanning devices has been
constructed. The devices are designed to block external lights and have user interface to guide hand posture during scan-
ning. After hands are scanned, hand contour is extracted using binary image processing, noise elimination and outline trac-
ing. And then, 19 hand landmarks are automatically detected using an automatic hand landmark detection algorithm based
on geometric feature analysis. Then, automatic hand measurement program is executed based on the automatically
extracted landmarks and measurement algorithms. The automatic hand measurement algorithms have been developed for
18 hand measurements required for custom-made glove pattern making. The program has been coded using the C++
programming language. We have implemented experiments to demonstrate the validity of the system using 11 subjects
(8 males, 3 females) by comparing automatic 2D scan measurements with manual measurements. The result shows that
the automatic 2D scan measurements are acceptable in the customized glove making industry. Our evaluation results con-

firm its effectiveness and robustness.
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1. Introduction

Importance of gloves is getting higher in sports (golf and base-
ball) and in surgery. Moreover, to be able to efficiently use hands
fitted with gloves, it is extremely important to wear gloves of
appropriate sizes and shapes. In particular, well-fitted gloves
enhance performances and enable effective and precise hand
movements. Lastly, the 1988 US Army hand anthropometric sur-
vey report (Greiner, 1991; Hidson, 1991) provided statistical infor-
mation of 86 hand dimensions (1003 males and 1304 females).
Glove companies employing mass production techniques use their
own glove sizing systems to provide better fits for customers hav-
ing different hand sizes (Kwon et al, 2009; Rosenblad-Wallin,
1987; Ryu & Suh, 2004).

However, human hands have widely varying lengths, widths,
and depths (Choi & Kim, 2004; Linghua et al., 2009), and it is dif-

ficult for mass production systems to provide the best fit for all
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types of hands. Therefore, custom-made gloves can give the best fit
to individuals. However, until now, making custom-made gloves
has been time consuming and has involved direct contact with
human subjects since the hands had to be measured manually.

Today, advancements in optics technology enable us to obtain
fast scans by using three-dimensional (3D) hand scanners. The 3D
scan method can measure all the dimensions that are measured by
the manual method, such as, for example, the circumference and
depth. However, it is difficult for glove companies to adopt this
system because the 3D scanners are expensive and several limita-
tions in scanning hands (Lee et al., 2010). An alternative method
for measuring hand dimensions is based on the image analyses of
2D scan images. The cost of a 2D scanner is rather low, and its ease
of usage is considerably better than that of the 3D hand scanner.
However, the number of body dimensions that can be collected is
relatively limited, and the approximated circumferences may be
less accurate. Therefore, there is a tradeoff between the usages of
3D scanning data and 2D images for hand measurements.

A few researches have been conducted previously on 3D hand
measurements. In one research, the 3D hand dimension extraction
was validated (Li et al., 2008), while in other researches, the 3D
hand measurement protocol was studied (Chang et al., 2007; Lee et
al., 2010). However, to our knowledge, investigations into auto-

matic hand measurements using 2D image analyses are few.
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In this study, we have developed an automatic hand measure-
ment system based on the image analysis of 2D scan images. In this
paper, in Section 2, we describe the extraction of a hand contour
from the hand scan image. Section 3 presents automatic hand land-
mark detection algorithms. In Section 4, automatic hand measure-
ment procedures using the hand landmarks are described.
Subsequently, in Section 5, experiments to validate the system have
been described. Finally, their results—with emphasis on the import-
ant findings—are described in Section 6, along with the major con-

clusions of the study.

2. Hand Scan Data Acquisition

2.1. Hand scanning

A 2D image scanner was used to acquire hand image data. The
2D scanner was CanoScan LiDE 110 and its resolution was
2400x4800. To extract the hand contour, it is necessary to contrast
the brightness of the hand and background. Hence, we blocked the
external light by enclosing the scanner within a self-produced case
and making the background color black (Fig. 1(a)). We scanned
psalm side of the hand because the psalm is more flat and hand sil-
houette could be scanned more exactly.

A user interface to guide the hand scanning was developed. Fig.

i/ Glove Customizer 2.1

~ Show Hand Guide M E Scan
“ Left ° Right :

Initialize Scan

Measure Order

I - Show Wrist Linel

1(b) shows the interface. We determined name of the system man-
aging from 2D scanning to automatic hand measurement as Glove
Customizer 2.1(Fig. 1). Before the scanning, firstly, whether the
hand is the right or left one must be chosen. Left hand was used for
the study. Further, during the hand scanning, the subjects must be
asked to separate each finger in accordance with the guidelines
given in the system interface so that the hand contour can be
extracted clearly. The guideline is shown in Fig. 1(b). The vertical
red line at center is for placement of middle finger and the two x-
shape is for placement of distinguishing point of index finger and
middle finger. In our coordinate system, the leftward direction is

the x-axis and the upward direction is the y-axis..

2.2. Extraction of hand contour

Before the automatic hand landmark identification, the hand
contour must be extracted from the hand scan image. The hand
contour extraction procedure is as follows:

(1) Binary image processing: Calculate the average brightness of

the R, G, B of all the pixels in the hand scan image. If the average
brightness is smaller than 32 (dark), it is considered 0, while, oth-
erwise, it is 255; this leads to a white (hand) and black (black back-
ground) image. The result of binary image processing is shown in
Fig. 2(b).

 Show Hand Guide M F Scan
¢ Left

_“ Right # Initialize Scan

Customer Information

Narme
Phone 17-391-6932
Gender <M & F
Scan Date [2011-01-04 -]
[~ Load

Measure Order

I~ Show Wrist Line

(b)

(©)

Fig. 1. Hand scanning system: (a) hand scan device, (b) scanning process, (¢) hand contour extraction.
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(a) (b)

© ()

Fig. 2. llustration of hand contour extraction: (a) color scan image, (b) binary image, (c) image after noise reduction, (d) hand contour extraction.

(2) Noise elimination: Eliminate small noises by employing two
erosion processes followed by several dilation processes. The result
of binary image processing is shown in Fig. 2(c).

(3) Hand contour extraction: Keep only the black pixels with at
least one neighboring white pixel and erase all other pixels as white
in the binary image. The result of binary image processing is
shown in Fig. 2(d).

(4) Outline tracing: An arbitrary pixel on the hand contour is
selected as the start pixel. Find the black pixel from among the
eight pixels around the start pixel and perform the same operation
with the black pixel recursively. Stop this operation when it returns
to the start pixel.

(5) Convert to real coordinates in the following manner.

The origin is center of entire outline and the dimension is mm.
We know the scanner’s dpi (dots per inch) and we can know the
real coordinate from image. The real coordinates are calculated as

follows:

P :Ix><25.4 :I/><25.4
¥ dpi Y dpi

P, =real coordinate, /,,=image coordinate, dpi=dot per inch of
image

In above function, /,, means image coordinate, position of each
dot(=pixel). P, can be calculated by dividing /., by dpi, dot per

inch(=25.4mm) of image.

2.3. Hand contour arrangement

In order to search the hand landmarks more effectively, we rear-
ranged the hand contour points. The lowest point at the radial side
was considered the first point, and sequentially following the near-

est points, the lowest point at the ulnar side became the final point.

3. Automatic Hand Landmark Detection

3.1. Hand landmarks

Fig. 3. Illustration of landmark locations.

In this study, we have automatically detected 19 hand landmarks.
The definition of each landmark is listed in Table 1, while Fig. 3

illustrates the landmark locations on the hand.

3.2. Automatic hand landmark detection methods

After the hand contour tracing, the hand landmarks were
detected automatically. The flowchart of the automatic hand land-
mark detection is given in Fig. 4. The detection order is determined
respective of whether the landmark has to reference other land-
marks. For example, the endpoint (radius side) of the middle wrist
base line, P16, can be detected without other landmarks, and hence,
it was detected first. Further, the previously detected hand land-
marks are used for the follow-up detection of landmarks. The iden-
tification method of each landmark will be described in detail
below and in Fig. 5. Here, the image of the left hand is used as the
basis.

(1) Endpoint (radius side) of the middle wrist base line (P16)
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Table 1. Hand landmarks detected in this study

Notation Hand landmarks
P1 The tip of the thumb
P2 The tip of the index finger
P3 The tip of the middle finger
P4 The tip of the ring finger
PSs The tip of the little finger
P6 Distinguishing point between palm and thumb
P 7 Distinguishing point between palm and index finger
P8 Distinguishing point between palm and middle finger
PO Distinguishing point between palm and ring finger
P 10 Midpoint of the middle crease line at palmar side of the metacarpalphalangeal joint of the thumb
P 11 Midpoint of the middle crease line at palmar side of the metacarpalphalangeal joint line of the index finger (1st Crease Line, Thumb)
P12 Midpoint of the middle crease line at palmar side of the metacarpalphalangeal joint line of the middle finger
P 13 Midpoint of the middle crease line at palmar side of the metacarpalphalangeal joint line of the ring finger
P 14 Midpoint of the middle crease line at palmar side of the metacarpalphalangeal joint line of the little finger
P 15 Endpoint (ulnar side) of the middle wrist base line
P 16 Endpoint (radius side) of the middle wrist base line
P 17 Metacarpale V
P 18 Metacarpale 11
P 19 Wrist center point
Hand outline tracing ‘ (see Fig. 5a):

l (a) Draw a tangent starting from the lowest right point

Endpoint (radius side) of the middle |4 Endpoint (ulnar side) of the middle

(Pxmin) toward the thumb tip, and determine a tangent

wrist base line (P16) wrist base line (P15) point (Prngeny)-
l l (b) Find the point of the largest distance from the line con-
necting Pxpyin and Prapeene. This point is determined to be
Wrist center point (P19) ] . ; ) )
the endpoint of the middle wrist base line.
i (2) Endpoint (ulnar side) of the middle wrist base line (P15):
., Tip of the thumb (P1) Find a point at the same height as P16 and the largest x
l value.
(3) Wrist center (P19):
ip of the i iddle, ring, littl . . ..
Tipo ftm;?c};);’f;fii ;2)& e Find the middle position of P16 and P15.
l (4) Tip of the thumb (P1) (see Fig. 5b):
(a) Examine the y value starting from the first point of the
Distinguishing point between fingers . .
(P6, P7, P8, P9) — hand contour and determine the point (Pygecrease) at
l which y begins to decrease.

(b) From among the outline points between the first point

Midpoint of the middle crease line at and Py gecrease, determine the point of the largest distance

palmar side of the

metacarpalphalangeal joint of each from the wrist center point (P19).
finger (P10, P11, P12, P13, P14)

(5) Tip of the index, middle, ring, and little fingers (P2, P4, PS5,

l and P3, respectively) (see Fig. 5c):

Metacarpale 11, Metacarpale V

From among the outline points after P1, determine the

(P18, P17) point at which the slope changes from positive to neg-

Fig. 4. Flowchart of hand landmark detection. ative and when the y value of the next point is smaller
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than the current one.

(6) Distinguish the points between two fingers (P6, P7, P8, and
P9):

From among the outline points between the left and right
tip points, determine the point for the smallest distance
from the wrist center point (P19).

(7) Midpoint of the middle crease line at the palmar side of the
metacarpal-phalangeal joint of each point (P10, P11, P12,
P13, and P14) (see Fig. 5d):

These five points are identified using the same method.
Therefore, the identification method of P11 is presented
as the representative method.

To find P11, first, the finger axis has to be set. The upper
point of the axis is the finger tip point P2. The other bot-
tom point was determined to be the midpoint of the hor-
izontal line connecting two points at a height 20 mm
above P7 from the points between P7 and P6. The finger
axis line (L,y) connects the bottom point and P2. Draw

a line (Lyyyom) passing through P7 and the perpendicular

Thumb tip

P tangent

Slop pre>0 4%

=P MaxDis

to the finger axis. The intersection between Lp,;, and
Lbottom is P11.

(8) Metacarpal V (P17):

The metacarpal V bones are the bones of the hand, and
they are located between the little fingers and wrist. The
metacarpal V point is located at the upper exterior part of
the metacarpal V bone. There are no prominent geomet-
rical features, and it is hard to find the point using geo-
metrical methods.

As an alternative method, we observe its relation with
other landmarks and use this for identification. The meta-
carpal V is positioned below P14 at an average distance
of 1.5 cm from the P14. Therefore, we set an outline

point below P14 as metacarpal V.

(9) Metacarpal II (P18)

Metacarpal II also has no prominent geometrical fea-
tures, and we used its relation with other landmarks.
Metarcarpal Il is positioned at 4.5:5.5 between P6 and

P11. Therefore, we set an outline point of this height as

P decreaseY

P angle 0

(®)

(d)

Fig. 5. Illustration of hand landmark detection method: (a) Endpoint (radius side) of the middle wrist base line, P16 (b) The tip of the thumb, P1 (c)
The tip of the index, middle, ring, little finger, P2, P4, PS5, P3 (d) Midpoint of the middle crease line at psalm side of the metacarpalphalangeal joint

of each point (P10, P11, P12, P13, P14)
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metacarpal I (P18).

4. Automatic Hand Measurements

We measured 18 hand dimensions—comprising widths and
lengths—that are required for custom-made glove pattern genera-
tions. Circumferences and depths could not be measured due to the
limitations in 2D images. The dimensions are illustrated in Fig. 6.
Most of these dimension definitions were referenced from ISO
7250-1 (International Organization for Standardization, 2008) and
report on ‘Development of hand measurement protocols for glove
construction” (Ministry of Commerce, Industry and Energy, 2006).

Fig. 6. Hand dimensions.

Table 2. Location estimates used to measure distal interphalangeal width

Proportion (%)

Item Finger
Male Female Mean

Thumb 48.1 48.7 484
Index finger  64.1 65.1 64.6
length and second phalanx Medius finger 66.4 67.1 66.7

length to finger length  Ring finger  63.8 64.7 64.2
Little finger 584 59.4 58.9

Ratio of sum of first

phalanx

4.1. Automatic hand dimension measurement methods

Linear dimensions comprising automatically detected landmarks
can be easily obtained by simply calculating the distance between
two landmarks. Therefore, in this section, we have described all
dimensions other than linear ones.

(1) Metacarpal-phalangeal width (M9, M10, M11, M12, M13)

(see Fig. 7a):

The measurement methods of the metacarpal-phalangeal width
of five fingers are similar; in this study, the measurement method of
M10 is presented as a representative.

(a) Find a point (P11,,,) 1 cm above P11 on the index finger
axis line L, ;; connecting P11 and P2.

(b)Make a line (Lpepp-1cm) passing through the point P11y,
and perpendicular to a line L,_;;. Find two intersections
between the line Lpeyp.iom and hand contour points
between P6 and P7. The distance between the two inter-
sections is the metacarpal-phalangeal width of the index
finger.

(2) Distal interphalangeal width (M15, M16, M17, M18) (see

Fig. 7b):

Lperp-2nd :
perp w

(b)

Fig. 7. Illustration of automatic hand dimension measurement methods: (a) Metacarpal-phalangeal width (M9, M10, M11, M12, M13, (b) Distal

interphalangeal width (M15, M16, M17, M18).
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The location of the distal interphalangeal crease line cannot be
identified using geometrical methods because there are no prom-
inent geometrical features at the hand contour position. Therefore,
statistical locations were used to determine the position of the distal
interphalangeal width. The Korean hand anthropometry data
(Korean Agency for Technology Standards, 2008) was used to cal-
culate the position of the distal interphalangeal crease line. The pro-
portional location of the distal interphalangeal crease line was
calculated by dividing the sum of the first and second phalanx
lengths by the finger length at each finger. The results are listed in
Table 2.

The measurement method of the distal interphalangeal width of
the index finger is presented as a representative.

(a) Find a point (P,,4) that is 64.6% from P2 in the line (L,.;)
connecting P11 and P2. The value 64.6% represents the
mean ratio of the sum of the first and second phalanx
lengths to the finger length of the index finger.

(b) Draw a line (Lyerpona) passing through the point Pp,q and

Angn: 2013-11-20 nAY: HXF AyH:

perpendicular to a line L, ;. Find two intersections
between the line Ly ong
between P6 and P7. The distance between the two inter-

and the hand contour points

sections is the distal interphalangeal width of the index

finger.

5. System Implementation and Validation

The system, from 2D hand scan image processing to hand mea-
surement result view, was coded using the C++ programming lan-
guage. Fig. 8 shows the “result view” of the interface of the
developed hand measurement system. To validate the system, we
scanned eleven subjects (8 males, 3 females; mean+S.D.; age
=38+7.2 years; height=169.6+6cm; body mass=65.8+11.8 kg)
with no disorders in hand. They were randomly selected from the
researchers of i-Fashion clothing technology center, Seoul, Korea.
All subjects provided informed consent.

First, the subjects’ left hand was scanned using the 2D hand

Hand Scanner Report

49: M oir: Left

Measurement Data

ftem Value(mm)

Hand length 170.7(6.7 in)
66.5

746(2,9 in)

67.0

ol
<
o
@
] 1o
.
w
‘,
g v
El'

Measurement Method

Fig. 8. Hand measurement result view of the system.
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scanner. Subsequently, manual measurements were conducted. The
hand pose—each finger separated, psalm side of the hand up—was
kept identical during both the manual and scan measurements by
placing the hand on a printed paper of the scanned hand during the
manual measurements. We measured 18 hand dimensions, the
same dimensions measured in the automatic hand measurement
system. Manual measurement method also followed definitions
presented in ISO 7250-1 (International Organization for Standard-
ization, 2008) and report on ‘Development of hand measurement
protocols for glove construction’ (Ministry of Commerce, Industry
and Energy, 2006), the same method of automatic hand measure-
ment developed above. We marked each landmark with pen and
measured the hand dimensions with calipers. After the scanning,
the landmarks were automatically extracted, and the hand dimen-
sions were measured by the developed system.

In order to evaluate the accuracy of the measurements obtained
by the proposed automatic measurement method, all 18 hand
dimensions were compared individually using the mean absolute
difference (MAD) and the paired T-test. The results of the mean
difference and t-tests are listed in Table 3. The paired T-tests indi-
cated that significant differences were present between the values
obtained by the two methods in the case of the hand length, index
length, and (almost) finger breadth dimensions. The mean absolute
difference(MAD) exceed the maximum allowable error—1 mm
suggested by ISO 20685:2005—in several dimensions, hand length,
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most finger length and thumb width. However they are all within
2mm except for hand length. The dimension item within 2mm was
regarded as marginal for glove making in this paper. This indicates
that the measurements are acceptable in the glove making industry.

The large difference in the hand lengths(M1) can be explained
by the poorly scanned wrist part. During the scanning, the wrist
cannot be scanned completely but is scanned slightly inward; this is
because the wrist has a thicker circular cross-section than the psalm
and finger parts, and accordingly, the actual wrist outline is placed
high above the scan plate making accurate scanning difficult. For
the wrist outline scanned slightly inward, the concave point of the
wrist is placed in more upper part than actual concave point and it
decreases the hand length. Moreover, when the hand is rotated
toward the ulna side, the wrist of the radius side is placed upward
and the hand length decreases. In order to reduce the differences in
the hand length, the wrist must be placed close to the scan plate and
the hand must be rotated toward the thumb rather than the little fin-
ger.

The large difference in distal thumb breadth(M9) can be
explained by the thumb posture. When a hand is placed on the
plate, bottom of the thumb is not placed face down but it is rotated
inward and the bottom of the thumb can not scanned completely. In
order to reduce the differences in the thumb breadth, the thumb
alone can be scanned separately.

The differences between the repeated scans did not exceed the

Table 3. Mean comparison between automatic and manual measurement methods (n=11) (unit: mm)
Dimension Repeata ~ Manual ~ Manual Scan Scan M.D AD S.D. t test
bility Mean S.D Mean S.D  (scan-manual) of MD  p value
M1 Hand length 0.72 183.1 9.0 176 9.0 -7.0 7.4 3.1 <0.001
M2 Thumb length 0.52 514 24 514 24 0.0 1.4 1.7 0.456
M3 Index Finger length 0.36 69.8 34 71.3 34 1.5 1.7 1.1 <0.01
M 4 Middle Finger length 0.16 71.7 4.5 78.4 4.5 0.7 1.6 23 0.492
M5 Ring Finger length 0.28 69.5 2.8 69.2 2.8 -0.3 1.0 1.2 0.378
M 6 Little Finger length 0.52 552 35 554 3.5 0.2 1.3 1.8 0.798
M8 Hand breadth 0.04 85.4 5.1 85.7 5.1 0.3 0.8 1.1 0.423
M9 Thumb breadth, bottom 0.32 28.2 22 21.2 22 12 1.4 1.4 <0.05
M 10 Index Finger Breadth, bottom 0.28 20.3 2.0 20.3 2.0 0.8 0.8 0.5 <0.001
M 11 Medius Finger Breadth, bottom 0.24 17.7 2.0 19.2 2.0 0.6 0.8 0.8 <0.01
M 12 Ring Finger Breadth, bottom 0.08 18.8 1.9 19.5 1.9 1.0 1.0 0.6 <0.001
M 13  Little Finger Breadth, bottom 0.08 18.1 2.0 17.8 2.0 1.0 1.0 0.6 <0.001
M 14 Thumb breadth, distal 0.12 223 2.6 153 2.6 29 3.1 24 <0.001
M 15  Index Finger Breadth, distal 0.08 17.3 1.2 17.3 1.2 0.7 0.8 0.6 <0.01
M 16 Medius Finger Breadth, distal 0.08 15.8 1.3 17.3 1.3 0.7 0.8 0.4 <0.001
M 17 Ring Finger Breadth, distal 0.08 15.6 1.3 16.3 1.3 0.8 0.8 0.5 <0.001
M 18  Little Finger Breadth, distal 0.08 14.8 1.5 14.5 1.5 0.5 0.6 0.7 0.034
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acceptable threshold, Imm for scanner-derived measurements
(International Organization for Standardization, 2005) in all mea-
surements. Table 3 shows the repeatability, mean difference of 5
repeat measurement of one subject. This shows that the system
generates reliable measurements.

This study suggested regression equation for three measure-
ments showed comparatively large error, hand length(M1), thumb
breadth bottom(M9) and thumb breadth distal(M14) to translate the
scan measurement to more accurate value. The regression analysis
was conducted with the same data used for system validation 11
subjects. In the analysis, manual measurement was set as depen-
dant variable and scan measurement as independent variable. The
equation of each measurement is as follows;

* Hand length(M1)=0.9105xscan hand length+23.12

* Thumb breadth bottom(M9)=1.33xscan thumb breadth bot-

tom —8.23
* Thumb breadth distal(M1)=1.59xscan thumb breadth distal
—6.08

6. Conclusion

In this paper, an automatic hand measurement system for cus-
tomized glove making by using 2D image scanners has been
described. The system involves hand contour extraction, automatic
hand landmark detections, and automatic hand measurements. For
automated landmarking, hand contour extraction was performed,
and the identification order was determined. Subsequently, detec-
tion algorithms were proposed for 19 landmarks. Eighteen hand
dimensions were then obtained automatically. To evaluate the
validity of the newly developed system, 11 subjects’ left hand was
scanned and tested. Our evaluation results suggest that the system
was effective and robust in most dimensions except for hand length
and thumb breadth. To reduce the differences in the hand length
and thumb breadth, a method to scan the wrist and thumb accu-
rately have to be studied further. Also, evaluation has to be done
with more many numbers of subjects and with diverse hand types,
for example fat and thin hand.

Even if our measurement method proves to be able to estimate
hand anthropometric measurements satisfactorily, the link from
good hand data to a successful “customized glove making” out-
come is a completely different test. Also, this study has limitation
that it can’t measure depth dimension because it uses only psalm
side 2D image of the hand. Therefore, further study on converting
2D information to 3D products including depth dimension has to
be done also. However, we believe that the system helpful in mak-
ing a good fitness of customized gloves and reduces human efforts,

costs, and production time.
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