Development of Methods for Digital Measurement of Body Surface Movement

1. Introduction
Conventionally, fashion education has emphasized the acquisition of knowledge and skills and involved the accumulation of experience over time. However, if it is to respond to rapid social and economic changes, fashion education must also evolve. In order to develop human resources capable of performing effectively in today's society, efficient educational methods based on scientific evidence are required. Data that makes full use of digital technology is also needed in order to develop marketing strategies that maximize the Internet's potential.

The basis of fashion is the body, which is the foundation for all clothing. Clothing design must be based on accurately capturing and reflecting the shape and movements of the body. This is of the utmost importance in order to make clothes that are comfortable to wear. However, there have been few ways of accurately measuring the shape and movements of the body and using the resulting data, and experience is still relied upon for assessing motion. Static measurements have become more accurate thanks to the development of three-dimensional measuring equipment, making it possible to measure the shape of the body. The authors have performed measurements on numerous individuals ranging from infants to the elderly, and have conducted systematic studies based on the measured data. In particular, we have carried out a large number of 3D shape measurements, and have amassed expertise in measuring static shapes and have compiled a library of shape data. The authors have also developed a "clothing design body" through a technique for averaging shape data, and this "body" is now widely used in the apparel industry and in education. Building on this experience, we worked on the development of body-surface motion measurement systems and analysis software.

Motion capture, which entails digitally capturing and analyzing the trajectories of human movement, has been widely used in kinetic measurement. However, what is needed for clothing design is body surface movement data. While the human body is three-dimensional, clothing is made from two-dimensional materials, meaning that two-dimensional data must be substituted for the three-dimensional data.

With this background, in this study we focused on the movement of the body surface and created digital visualization methods. One method uses three-dimensional measurement equipment, while another uses a strain measurement sensor. Experiments were also performed which incorporated dynamic measurement techniques using conventional plaster bandages. We evaluated the integrity of the data obtained using digital technology, and also examined the efficiency.
2. Measurements of neck motion

The neck region is a part of the human anatomy that performs complex movements, and it is necessary to understand these movements in order to design necklines, collars, and hoods of clothing. However, measurement is difficult because many measurement points are gathered within a small area.

2.1 Cervical measurement experiments employing 3D measurement equipment

The 3D measurement equipment consisted of two Cartesia HandyScanner units manufactured by Spacevision, Inc. (hereafter referred to as "3DCHS"). The measurement principle incorporates a spatial encoding method. The static 3D measurement equipment used by the authors has an upright basic position and cannot be moved. It is highly accurate, but incapable of measuring various body movements. On the other hand, the 3DCHS is small, lightweight, compact, and mobile, offering excellent flexibility. It can easily be calibrated, can adopt a variety of measuring positions, and its quick measurement reduces the burden on the subject. This equipment is effective for measuring unique movements.

(Note: "Calibration" means determining various optical, imaging and other parameters so as to calculate 3D shapes correctly when performing 3D measurements. As calibration directly affects measurement accuracy, in general it is done by experts, but the measurement equipment currently under discussion can easily be calibrated by non-experts.)

To boost measurement accuracy, we adjusted the lighting, calibration, measurement subject marker, positional relationship between the measurement range and measurement equipment, and the monitor display method. Fluorescent ceiling lights were covered with blue film, and the subjects were partially illuminated. The blue film was used because the measurement equipment uses red-pattern light; making the fluorescent lights and pattern light of different wavelengths and performing image processing creates the equivalent of dim conditions. Partial illumination was used during measurement to allow the markers attached to the subject to be recognized. The brightness of the partial illumination was controlled so as not to affect the measurement. The calibration board positioning method and positioning devices were determined so as to ensure accurate calibration. In addition, the distance between the two pieces of measurement equipment and the subject, and the head angle and height of the measurement equipment, were adjusted to compensate for discrepancies in measuring range.

Measurement points in the neck of the subject were determined and neck measurements were then performed. (Fig.1)(Fig.2)The different angles and distances of the two heads of 3DCHS mounted on tripods, relative to the subject, enabled different measurement ranges in the neck. As the measurement equipment could be moved, there was a large degree of freedom of measurement, but the head had to be set and calibrated each time the measurement point changed. In addition, it was found that by using two units, it was difficult to measure the range extending from the posterior median line to the anterior median line of one half of the human body. Experiments also showed the need for improving the aligning of the measured data.

Based on this experiment, we then improved the measurement equipment and developed software for automatically measuring motion, which measures 3D coordinates and distances from the 3D data captured by 3DCHS.
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Fig.1 Experimental 3D neck measurement            Fig.2 Measurement points
2.2 Neck plaster measurement

The measurements included the neck in the static state, bending forward, bending backward, tilting sideways, and rolling around. The range of measurement was the right side of the body from the posterior median line to the anterior median line, extending 4 cm to the neck side and 6 cm to the torso side relative to the collar line. Measurements were made at 2-cm intervals from the collar line, with the area extending from the median line to the lateral line divided into three vertical sections, with eyeliner used to make marks, and marker stickers placed at intersection points.(Fig.3)
For each measurement position, plaster bandages were affixed to the body surface, superimposed on top of one another. They were removed from the body surface when dry, and the plaster molds dried. Japanese washi paper was applied to the dry plaster molds, fixed in place with glue, and dried. Once dry, the paper was removed from the plaster mold, and unfolded into a flat plane containing three-dimensional shape information.(Fig.4)(Fig.5)(Fig.6)
Differences in the unfolded shapes are compared in the static and dynamic states.
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Fig.3 Measurement points　　　　　　Fig.4 Attachment of plaster
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Fig5.Plaster mold and attachment of washi paper       Fig6.Unfolding of washi paper
《Neck plaster measurement procedure》

3. Measurement of lower extremity movement

For designing pants, it is necessary to measure the movement of the legs, including the hips and knees. However, it is very difficult to accurately measure this movement, and especially the shape of the leg openings cannot be measured accurately even with static three-dimensional measurement equipment. When the subject is in a sitting posture, the seat surface cannot be measured, and measurement of the leg form in a sitting position has been considered impossible. The legs, however, move greatly, which is integral to the design of sportswear. In this study, we attempted to measure the legs in a bicycle-riding position, and obtained data for designing bike shorts.

Digital measurement was used to track the motion of the knee joints with a strain sensor, and plaster measurement was used to measure the bicycle sitting posture.

3.1 Experimental measurements of knee joint movement using digital technology

As a digital technology for capturing motion, we considered a measurement method using a high molecular polymer sensor as a strain sensor. Conventional strain sensors measure strain based on the degree of deformation of a metal foil resistor, but as changes in electrical potential occur only with changes in degree of strain, it was difficult to measure sustained motion. Therefore, in this experiment, in collaboration with Kuraray Co., Ltd., a high molecular polymer sensor currently under development was used and its applicability was evaluated.

A high molecular polymer sensor is lightweight and flexible, and is expected to be more widely used in the future due to its versatility in size and surface processing. Also, unlike a conventional strain sensor, it outputs a different voltage value depending on the absolute value of the sensor strain, and thus can measure the dynamic state of knee joints, etc. in motion. Figure 7 shows a prototype sensor of the high molecular polymer sensor. In the area of 20mm(width) x 20mm(height), liquid material of a high molecular polymer is pasted. Figure 8 left shows a preliminary experiment of bending the sensor from 0 degree to 90 degree by each 10 degree using a protractor and figure 8 right shows result of a plot graph with regression line showing the changes of 1000 times in voltage output depending on the bending angle of the sensor. With the correlation factor R=0.9, the bending angle and the output voltage is described as the linear function below.
Y=0.473X+14.764 while X is the bending angle and Y is the output voltage. 
This preparation clarifies the high molecular polymer sensor measures a changed and sustained motion digitally. 
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Fig. 7 High molecular polymer sensor
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Fig. 8 Experiment of bending angle(left) and result of correlation of bending angle and output voltage(right)
In this prototype experiment, we designed and made a long size sensor that can cover the top and bottom of the knee to measure knee joint motion. As shown in Figure 9 left, the size of prototype sensor is 190mm(width) × 5mm(height). The sensor was fitted vertically on the left knee area of highly stretchable exercise pants (Figure 9 right), and connected to a Keyence NR-500 multi-data collection system, which is a sensor logger device capable of measuring very weak output voltage. And the degree of change in voltage output due to deformation of the knee was measured with 200Hz. One subject wears a pair of pants and measures the knee bend and suspend while changing knee posture as figure 10 bottom shows. The result shows the line graph of 10 Hz moving average of output voltage. The output voltage changes according to the deformation of the knee as well as sustains its value while the knee keeps same posture. The alphabet in the graph indicates the posture shown below.
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Fig. 9 High molecular polymer sensor for measuring knee bend (left) and its implementation on a stretchable pants (right)
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Fig. 10 Result of output voltage of knee bend (top) and each knee’s posture (bottom) 
 In conclusion, we were able to verify the difference in output voltage due to deformation of the knee joint using high molecular polymer sensor specially made for fitting knee joint. This shows the possibility of making a model of knee motion using the digitally measured value, it should be possible to perform measurements of body shape independent of the environment, which was difficult to do now so that bodily measurement has to be conducted in a laboratory settings. This limits to measure bodily data of a person with natural behavior. As the sensor has a weak output voltage, circuits such as voltage amplifiers are needed to create an environment-independent measurement system. Small voltage amplifiers system, which has noise cancelling function is now under developing. With wireless data transmission function added to the amplifiers system, measuring dynamic motion of body independent of environment will be possible. It will present a novel bodily measurement method under any circumstances. Future issues include, along with the development of a control system, production of a sensor output model for knee joint movement, and its application to patterns unfolded in two dimensions.

3.2 Plaster measurement of bicycle-riding position

(a) Experimental sitting-posture measurement
To explore the possibilities of plaster measurement in the sitting position, plaster measurements were carried out with a square seat and stools. In the first stage, measurement was performed from the knee to the waist, and in the second stage from the waist to the ankle. Underwear, stockings, and a soft girdle (with midline) were worn. The plaster was applied in two parts, outer and inner, because the hip and knee were flexed. First, five or six layers of plaster bandages were placed on the seat, which the subject then sat upon. The plaster bandages on the seat were then wrapped toward the waist, and then applied to the torso, upper leg, and lower leg, covering one half of the body., followed by the trunk, upper leg, and lower leg, covering one half of the body. Once dry, the plaster was removed from the body. The experimental results showed that the body indents in the form of the seat surface, but we were able to obtain measurements of the leg openings and leg portions. Stockings were not worn as they cause discrepancies in the measurement points. Flat elastic was sewn into the leg-opening seam of the girdle so that the position of the torso median line was clearly visible in the plaster.

(b) Experimental bicycle-riding measurement (right leg only)

In the riding position on the bicycle, the stance was determined with the right foot at the highest pedal point and the left foot at the lowest pedal point, in order to obtain the maximum amount of exercise during pedaling. As with the sitting posture experiment, measurements were made with the subject seated on the bicycle saddle. The measurement points were determined between the waist and the ankle along the baseline required for pants design.(Fig.11) Dot stickers were placed on the measurement points so they could be seen on the plaster. In this experiment a girdle was not worn as it was found to cause major discrepancies in measurement points between the body and girdle.

(c) Actual bicycle-riding measurement

Measurement points were marked on the body surface, and plaster measurements made in the standing position and bicycle-riding position.(Fig.12) The measurement range was from the waist to the ankle, with a complete set of measurements from waist to ankle taken on the outside, while similar measurements were taken on the inner surface but focusing on the shape of the leg openings. Four patterns were obtained, consisting of the inside and outside patterns of the left and right legs, respectively.(Fig.13) As with the neck measurements, the plaster molds were dried, washi paper applied to the inside, and then the paper unfolded to obtain the movements of the body surface during lower limb exercise.(Fig.14)
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Fig.11 Lower limb measurement points Fig.12 Plaster measurement in bicycle-riding posture
[image: image17.jpg]


 [image: image18.jpg]


 [image: image19.jpg]


 [image: image20.jpg]



Fig.13 Plaster mold
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Fig.14 Application of washi paper
4. Results

4.1  3D measurements and measurement data for cervical plastic specimens and live subjects
Plastic specimens were made from cervical plaster molds. Replacing the plaster molds with plastic specimens prevents deterioration, making it easy to perform digital measurement experiments. Plastic was poured inside the plaster mold and hardened to create a plastic specimen. This enables three-dimensional measurements to be performed repeatedly on the specimen rather than on the human body, thus verifying the integrity of data.

3D Measure, the dynamic measurement software we developed, was used to perform measurements on a plastic cervical specimen.(Fig.15) Measurement point markers were applied to the plastic specimen in three patterns, static, bending forward, and bending backward. By sequentially indicating the markers, it is possible to calculate the distances and distance ratios of the body surface line that passes through the designated markers. The position and angle of the measurement equipment were adjusted in order to maximize the measurement range. We also verified the margin of error compared with actual measurements on a human subject, and considered ways of correcting the click errors caused by the varying sizes of marker stickers.
Cervical measurements on a human subject were performed using 3D Measure, and the degree of stretching of the body surface caused by movement was determined.(Fig.16) Although it was necessary to get accustomed to the calibration procedure, this automatic measurement and automatic calculation-based method were extremely efficient compared with measurements performed using plaster.
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Fig.15 Measurement data(plastic specimen)     Fig.16 Measurement data(human subject)
《3D cervical measurement data》
4.2  Use of experimental plaster measurements of lower limbs to design pants patterns
The experimental plaster measurements performed on a bicycle-riding subject indicated that this is a valid method of making measurements in a bicycle-riding position. Through the unfolding of the washi paper, we were able to obtain the degree of change in hip and knee joints during movement in an upright position and in a bicycle-riding position. In the case of plaster measurement, it is necessary to get on and off the bicycle four times in order to measure four different patterns, which causes posture discrepancies that result in point marker errors. However, we recognize that a certain margin of error is unavoidable when using human subjects. Using these amounts determined through unfolding, we attempted to derive a pattern for fitted pants in a standing position. This process could also be applied to designing patterns for bike shorts.
4.3 Creation of plastic specimens from plaster casts

We synthesized the four plaster parts obtained and created a plastic specimen, successfully completing a human body model in the bicycle-riding posture.(Fig.17) This enabled visualization of the deformation of the hip joints and knee joints, as well as changes in the shape of the body against the bicycle saddle surface which could not previously be visualized. We also intend to measure bicycle posture using the 3D Measure software.
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Fig.17  Plastic specimen
5. Summary
We conducted a variety of kinetic measurements in this study, and as a result were able to obtain the kinetic motion of body parts which had previously been considered difficult to measure. Using the 3DCHS measurement equipment on various body parts enabled greater freedom of motion in bodily measurements, which could thus be used to design clothing more efficiently. As a preliminary study of digital measuring system, we conducted a measuring experiment using a high molecular polymer sensor, which is under development and verified the potential of bodily measurements independent of environment.  We also conducted experiments using conventional plaster measurement techniques, and assessed the validity of data obtained using digital technology. These dynamic measurement techniques could be used for elderly subjects who are unable to stand, or for disabled persons who must be measured in a sitting position. In addition, the ability to capture precise movements of the body surface is expected to contribute to more realistic simulations for clothes shopping on the Internet.
When developing a new technique such as this, it is essential to have a clear underlying approach, to understand it thoroughly, and to identify the most efficient methodology for implementing it. Although contemporary society is becoming ever more digital, analog methods should not be ignored, and accumulated past experience and the advantages of analog methods should be incorporated when testing and introducing new digital technology. These can contribute to more efficient and theoretical methods which will lead to a revolution in fashion education.
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