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Abstract 

 

Mechanical Response Analysis and Validation of Muscle Strength, 

Joint Torque, and Shear Forces Related to Human Movements 

Young-Kuen Cho 

Dept. of Biomedical Engineering 

The Graduated School 

Yonsei University 

 

 

In this study, the interactions between humans and the environment are measured and 

analyzed by several methods either directly or indirectly. Quantitative and objective 

measurements are obtained using a three-dimensional motion analysis system, a shear 

force sensor, and an anthropomorphic dummy. To evaluate the loads imposed on skin, 

muscles and joints during work-related human body movements. A motion analysis 

system is one of the most effective systems for capturing movement of the human body in 

three-dimensional space. The motion analysis results were used to generate virtual human 

body models to evaluate various human movements, such as working with a vacuum 

cleaner or a washing machine.  

Previous studies of human movements have applied well-known musculoskeletal 

models and analysis tools to introduce modeling systems that are easier to implement than 

adding new, complex methodology or overabundant tools to new models. This approach 
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may be useful for evaluating complex human movements that are not much different from 

the expected results without the use of massive tools. A shear force sensor designed with 

a strain gauge could measure the change of strain induced by external forces on an object 

of interest, which could be transfer into a shear force component isolated from the 

external forces containing both tangential and shear forces. Moreover, the development of 

a shear force sensor and anthropomorphic dummy may be useful for evaluating the loads, 

pressure, and joint torque imposed on soft tissue and joints in the seated position. 

Key words: Three-dimensional motion capture system, Virtual human model, Shear 

force sensor, Anthropomorphic dummy 
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Chapter 1. Introduction 

1.1 Three dimensional motion capture and analysis 

Initially, researchers tried to analyze human movement using naked-eye observations. 

However, in the last a couple of decades, large breakthroughs in measurement techniques 

have been made due to advances in computer and camera technologies, and effective 

measurement instruments and objective methods have now been developed for 

experimental laboratories. Motion analysis with these instruments has provided new 

information about human movements (e.g., a normal gait, a sargent jump, or cycling on a 

bike), and the measurement methods are now widely used widely in clinical analysis 

services and research.  

The analysis of human movements started with Borelli in the 17
th
 century. He defined a 

rough definition of the gait cycle and muscle activity during walking. In the 19
th
 century 

Wilhelm and Eduard Weber [1] suggested methods derived from Borelli’s ideas to 

quantitatively analyze locomotion using measurements of the stance and swing phases of 

the gait cycle.  

 

Figure 1. Stick diagram during a gait cycle. 



 

 2 

With the development of photography, the Weber brothers developed the pendulum 

theory of locomotion, supported by images and built-up stick diagrams (Figure 1) [2]. 

This method, known as chronophotography, was an objective method, but not effective 

from the point of view of time efficiency. In the late of 19
th
 century, Braune and Fischer 

introduced a three-dimensional (3D) analysis method for human movement. Active (light-

emitting) markers were recorded at a rate of 26 images per second and used to measure 

the angular displacements of the lower limb joints.  

Many modern motion analysis systems such as Vicon, use passive reflective markers. 

The Vicon motion capture system is one of the most effective systems for obtaining 

precise movements of the human body in 3D space (Figure 2). The motion data are saved 

as a Vicon-standardized .C3D file, which are used as input for an analysis program such 

as BRG.LifeMOD (Biomechanics Research Group, Inc., Hempstead, NY, US) to 

generate a virtual human body model to analyze sports, activities, a normal gait, a sargent 

jump, or cycling on a bike. In the data files, each set of marker data consists of Cartesian 

coordinates in stored at 120 frames (or more) per second.  

 

 

Figure 2. Three-dimensional motion capture system. Eight infra-red cameras and two force 

plates.  
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1.2 Shear force sensor 

Today, people spend more time sitting, both at home and at work. Moreover, millions 

of patients around the world have limited or no mobility due to stationary conditions 

attributed to aging, paralysis, severe injury, and diabetes. Pressure sores have been 

associated with many factors such as lack of arterial blood or nerve injury, moisture, and 

obesity. Pressure sores or other complications resulting from stationary conditions may 

lead to infection.  

The observation of forces between a human body and the surface on which they lie or 

sit, can provide an understanding of how the forces induce burdens on the soft tissue and 

muscles. Healthy people may encounter many difficulties stemming from the use of beds 

and seats, with the most common symptoms being spinal pain, such as neck or lower back 

pain. Consistently, research has shown that the development of pressure sores is affected 

mainly by the mechanical load on tissues; thus, the shear force is an essential factor for 

examining the characteristics between the human body and contact surfaces [3-5]. The 

process behind the development of pressure sores yet [6-8], to be defined because the 

shear forces have not been measured quantitatively, and measurements results are 

difficult to validate, because a decent shear sensor has not been available.  

Many researchers have measured the pressure on a seat pan and the forces on body-

supporting contacts [9-11]. Various other methods have also been proposed to measure 

the shear force [12-16]. For example, Itoh et al. used a fiber wobbling method, which is 

an optical measurement system, to measure sub-nano-Newton shear forces at high shears 

[15, 17]. Others have measured shear forces at critical locations under a foot using 

piezoelectric film-based sensors or magneto-resistive transducer disks mounted in an 

insole. The monitoring value of these sensors varies with the induced shear force. The 
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film deforms corresponding to the strength of the forces, and the magnetic field changes 

following the movement of a magnet that is placed above a Hall-effect sensor. However, 

this technique cannot measure the shear distribution over a contact area using spot 

locations.  

Current measurement instruments include newly developed shear sensors. One type of 

sensor can detect the changes in capacity corresponding to external forces; however, it is 

easily affected by electrical interference because of its high impedance. Another sensor, 

called a strain-gauge sensor, can measure the change of strain on an object of interest. 

However, with a strain-gauge sensor, one must derive the shear component because the 

strain gauge measures all components of the external force without exception. Hence, a 

strain-gauge sensor may be suitable for use as an instrument to observe the shear force 

between a human body and the surface on which they lie or sit in cases where the sensor 

has a certain structure that can be used to derive the shear component.    

 

1.3 Anthropomorphic dummy  

Many attempts have been made to provide objective measurements and evaluations of 

car seats. Mozaffarin et al. [18] introduced an active three-dimensional vibration dummy, 

MEMOSIK V (Wolfel, Germany; Figure 3), that measures the vibration at the interface 

between a human and a car seat [19]. This vibration dummy can measure objectively the 

vibration transmission from the vehicle base to the subject through the vehicle seat, and 

can be modified to the mass percentiles F05, M50, M95, as well as individual people, 

through its software (Figure 4).  
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Figure 3. MEMOSIK V (Wolfel, Germany).  

 

Figure 4. MEMOSKI V, mass setups F05, M50 and M95. 

The Biofidelic Rear-Impact Dummy (BioRID, Chalmers University in Gothenburg, 

Sweden) was developed for rear-end collision testing at low speeds [20, 21]. This dummy 

has a head, neck, torso, spine, pelvis, arms, and legs (Figure 5), and has been used to 

determine neck injury mechanisms and develop methods to measure neck-injury related 

parameters [22].  
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Figure 5. Schematic drawing of the BioRID (Chalmers University in Gothenburg, Sweden) 

dummy torso, spine, neck and modified pelvis with Hybrid III head. 

A proposed neck injury criterion has been evaluated by means of the dummy, human, 

and numerical rear-impact simulations. The test involves sled tests running at low speeds 

with four types of seats from car models (Figure 6). In addition to this study, many other 

experimental studies have used similar systems to compare the effects of dummies and 

participants [23-28].  
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Figure 6. The seating posture of the BioRID I in one of the test seats. The horizontal and 

vertical head-to-head restrain distances are indicated. 

The most commonly used anthropomorphic dummy is the Hybrid III (General Motors, 

US; Figure 7) [21, 24, 26, 27, 29-31]. This dummy was developed for use in high-speed 

frontal-impact testing as a Biofidelic tool, and, similar to the BioRID, has a head, neck, 

torso, spine, pelvis, arms, and legs. The thoracic and lumbar spine consists of three rigid 

elements combined together and the neck consists of a rubber block combined with 

aluminum blocks. The dummy can be modified to investigate the various percentiles of 

each segment length and mass. As a result of these combinations, the Hybrid III is 

inflexible and does not interact with the seat-back in the same manner as a human body. 

This dummy also has a different back curvature and mass distribution of the torso 

compared to a human body.  
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Figure 7. The Hybrid III (General Motors, US) frontal-impact family. Courtesy of Fist 

Technology Safety Systems. 

First Technology Safety Systems has made efforts to develop anthropomorphic 

dummies for practical seat surface pressure distributions [32-35]. Occupant Classification 

Anthropomorphic Test Devices (OCATD; Lear Corporation and Humanetics, US) were 

designed to represent a small female adult (OCATD5; Figure 8) and a six-year-old child 

(OCATD6; Figure 9). These dummies correspond to the human external anthropometry, 

skeletal linkage, body mass, and segment mass distribution, and were developed to 

represent seat surface pressure distributions representing people on car seats.  
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Figure 8. OCATD5 (Lear Corporation and Humanetics, US). 

 

Figure 9. OCATD6 (front) and OCATD5 (back).  
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1.4 Aim of this study  

Many methods have been introduced in previous studies to measure forces related to 

human movements, involving either indirect or direct measurements. Both approaches 

have distinct advantages and some disadvantages. Indirect measurement methods, 

including those involving dimensional motion analysis and virtual human modeling, are 

advantageous in that they are easy and convenient to apply, and relatively simple to 

analyze, producing reliable results for motions that are difficult to measure by direct 

methods (e.g., static and dynamic movements of multiple bodies with individual masses 

and lengths of segments similar to a human body). However, these indirect measurement 

methods must be validated by comparison to the results of a fundamental analysis using a 

direct measurement method. In contrast, direct measurement methods, such as those 

involving shear force, sensors and anthropomorphic dummies, have advantages of high 

repeatability and reliability, and can be applied to various different circumstances (i.e., 

not only a seat, but various kinds of contact surfaces between a human body and the 

environment, such as a prosthetic limb surface). However, there are no suitable shear 

force sensors to measure a broad range of forces acting on the surface of a human body, 

along with the moments acting on the lumbar vertebrae inside of a human body. 

Quantitative values of soft tissue deformation at the thigh and hip when sitting on a seat 

are also difficult to measure.  

Hence, in this paper, both indirect and direct measurement methods are introduced, and 

newly developed analysis instruments, including a shear force sensor and an 

anthropomorphic dummy are proposed and validated with suitable methods.  
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Chapter 2. Analysis of Loads Imposed on Muscles and 

Joints by Repeated Vacuum Cleaning Works for Estimation 

of a Potentiality of Musculo-skeletal Disorder Occurrence 

2.1 Introduction 

Physical labor is conducted in many parts of the home and workplace. Many of these 

actions impose excessive psychological and physical burdens that cause several 

occupational diseases [36-39]. Musculoskeletal disorders, cerebro- and cardiovascular 

diseases, respiratory diseases, cutaneous disorders, pneumoconiosis, and deafness are 

major occupational diseases that occur in Korea and the United States. Among these, 

musculoskeletal disorders are the most common (approximately 36% in Korea and 65% 

in United States) [40-42].  

Approximately 60% of musculoskeletal disorders are caused by physical labor 

associated with manual material handling tasks. According to a 2003 Korean 

Occupational Safety and Health Agency report, approximately 50% of such manual 

material handling motions involve pushing and pulling.6 Most laborers who performed 

pushing and pulling motions complained of pain in the wrist and arm caused by damage 

to the joint and soft tissues in those areas.[43, 44] In addition, dorsopathy, a 

musculoskeletal disorder caused by excessive pushing and pulling, is caused by damage 

to the joint and soft tissues of the back [45, 46]. Disorders resulting from the damage to 

the joint and soft tissues represented approximately 90% of all musculoskeletal disorders 

reported in Korea from 2001 to 2004 [41, 42]. Unlike diseases due to industrial disasters, 

whose symptoms appear immediately after the occurrence of serious external injury, 
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these musculoskeletal disorders are generally developed as a result of the prolonged 

accumulation of minute impacts to a part of the body [47-50]. In addition, accumulated 

minute impacts that cause continuous pain in the shoulder, neck, waist, and wrist 

significantly reduce work efficiency, thus causing significant socioeconomic losses in 

terms of personal medical expenses and production due to lost labor [44, 51-55]. 

As part of studies to prevent musculoskeletal disorders due to physical labor, 

government agencies and enterprises have made attempts to apply ergonomic concepts to 

the work environment and work machines [56, 57]; however, such studies are generally 

limited in that they are based on simple surveys of workers who are suffering or might 

suffer from such disorders [36, 43, 51, 58-60]. However, to prevent musculoskeletal 

disorders due to actual physical labor, it is essential to understand the actual loads 

imposed on the muscles and joints while performing certain tasks. Experts can then 

improve the work environment and design machines to minimize unnecessary repeated 

loads and excessive load to reduce a potentiality of musculoskeletal disorder occurrence.  

Therefore, the goal of this study was performed to evaluate the loads imposed on the 

muscles and joints by excessive accumulation of physical burdens for the estimation of a 

potentiality of musculo-skeletal disorder occurrence, particularly in vacuum cleaning 

works, the motions most commonly performed both at home and in industry. This may be 

helpful to improvement of vacuum cleaner design capable of reducing a potentiality of 

musculoskeletal disorder occurrence by repeated vacuum cleaning works. 

 

2.2 Materials and Methods 

2.2.1 Survey on Vacuum Cleaner Use 
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A survey was performed to investigate the problems generally recognized by users 

when cleaning and the required improvements. We investigated and analyzed 

convenience (noise, design, and absorption power), degree of functional satisfaction 

(utilization, ease of storage, and mobility), and whether the user felt pain when using the 

vacuum cleaner. In addition, the parts of the body that felt pain were recorded. 

Participants were limited to women who were thought to frequently use vacuum cleaners. 

In total, 119 women were surveyed (average height: 158.2 ± 3.6 cm, average weight: 60.2 

± 6.2 kg, average age: 30.9 ± 10.2 years). 

 

2.2.2 Vacuum Cleaner Selection 

This study performed 3D motion analysis and rapid entire body assessment (REBA) 

based on use of the VK793MJE model produced by LG Electronics. Here, the vacuum 

cleaner model chosen in this study was because it was one of the best selling vacuum 

cleaner models. It was considered that the vacuum cleaner model might reflect the use 

characteristics of general vacuum cleaners. 

 

2.2.3 Rapid Entire Body Assessment 

As stipulated by the Industrial Safety and Health Act, regulation on the Industrial 

Health Standard, and notifications of the Ministry of Labor, the Korea Occupational 

Safety and Health Agency uses REBA to quantitatively present and analyze measures and 

observational data for the prevention of musculoskeletal disorders [61]. REBA measures 

and analyzes joint angles in the human body and imposes the load for a specific worker 



 

 14 

when performing a task. It then evaluates the degree of harmfulness to the human body 

on a scale of 1 to 6 [62]. 

Five representative poses associated with using a vacuum cleaner were selected and 

evaluated (Figure 10). These were poses that occurred from the motion of moving the 

vacuum cleaner back and forth on a flat surface in a gripped hand (Pose 1), moving the 

vacuum left and right (Pose 2), cleaning corners (Pose 3), moving the elbow tube after 

bending it to clean hard-to-reach areas (Pose 4), and using the vacuum with the elbow 

tube straightened (Pose 5). REBA was performed on a total of 7 women (average height: 

160.2 ± 2.6 cm, average weight: 55.2 ± 6.2 kg, average age: 25.4 ± 3.9 years). Here, the 7 

women were belonged to the participants for the survey on vacuum cleaner statistically. 

 

Figure 10. Five representative motions when using a vacuum cleaner. 

2.2.4 Three-Dimensional (3D) Motion Analysis and Evaluation 

We evaluated the motions performed while using the vacuum cleaner by (1) creating 

and analyzing 3D musculoskeletal models (2) based on the motion data of the human 

body obtained through the 3D motion analysis system and then (3) analyzing the change 

in muscular strength and moment applied to the major muscles and joints during 

vacuuming. 
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2.2.4.1 3D Motion Capture 

The 3D motion capture experiment was performed for the same 7 women who had 

participated in the REBA (average height: 160.2 ± 2.6 cm, average weight: 55.2 ± 6.2 kg, 

average age: 25.4 ± 3.9 years). 3D motions were defined as working motions (Working 

Motions 1–5) that cause the occurrence of working poses (Poses 1–5) as defined for the 

REBA. 

A 3D motion analysis system (VICON Motion System Ltd., UK) equipped with six 

infrared cameras was used for the experiment (Figure 11). The sampling frequency of the 

camera was set to 120 Hz to measure even the smallest body motion. To measure the 

movement of each segment, we attached the number of 49 reflecting markers with a 

diameter of 14 mm on segments of the women’s bodies according to the plug-in gait 

marker set method (Figure 12). The experiment was performed in front of the infrared 

camera so that the reflecting markers would be recognized (Figure 11). 

 

Figure 11. Configuration of the 3D motion analysis system. Six infrared cameras were used. 
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Figure 12. Plug-in gait marker set used to measure the movement of each segment in the 

experimental 3D motion analysis. 

The women needed to fully understand the motions to be performed and observed prior 

to commencing the experiment. Participants were allowed approximately 5 min of rest 

after each motion to minimize error due to remembering previous motions. In addition, to 

investigate whether the same motion was conducted when executing one motion 

repeatedly, the operator immediately analyzed the data from the 3D motion analysis 

system so that the women could execute almost the same motion repeatedly. The 

experiment was repeated three times for each motion to minimize errors by experimental 

variations and to allow data to be averaged for each motion. 

 

2.2.4.2  Virtual Human Body Model 
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Using data from the 3D motion analysis system (Figure 13), BRG.LifeMOD 

(Biomechanics Research Group, Inc., US) created 3D virtual human body models 

consisting of 19 segments (Table 1) and 59 muscles (Table 2). A total of seven 3D virtual 

human body models were created to reflect the body and motion characteristics of each 

participant.  

Table 1. Segments considered during modeling 

Name Number of segments 

Head 1 

Neck 1 

Upper torso 1 

Central torso 1 

Lower torso 1 

Scapular 2 

Upper arm 2 

Lower arm 2 

Hand 2 

Upper leg 2 

Lower leg 2 

Foot 2 

Total segments 19 
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Table 2. Muscles considered during modeling 

Muscle Name 

Muscle Attachment Point 

from Proximal to Distal 

Physiological Cross 

Sectional Area (PCSA, unit: 

mm2) 

Abductor Pollicis Longus lower arm - hand 36.1 

Adductor Magnus lower torso - upper leg 1392.3 

Biceps Brachii 1, 2 scapula - lower arm 127.8; 156.5 

Biceps Femors 1 upper leg - lower leg 839.2 

Biceps Femors 2 lower torso - lower leg 2361 

Brachioradialis upper arm - lower arm 100.0 

Deltoideus 1, 2, 3 scapula - upper arm 792.5; 342.6; 271.3 

Erector Spinae 1 upper torso - lower torso 190.1 

Erector Spinae 2 central torso - lower torso 200.0 

Erector Spinae 3 upper torso - central torso 200.8 

Extenso Eigiti Minimi lower arm - hand 54.9 

Extensor Carpi Radial 

Longus 
upper arm - hand 35.2 

Flexor Carpi Radialis upper arm - hand 34.4 

Flexor Carpi Ulnaris lower arm - hand 45.1 

Flexor Dititorum 

Profundus 
lower arm - hand 45.1 

Flexor Pollicus Longus upper arm - hand 45.1 

Gastrocnemius 1 upper leg - foot 3423.1 

Gluteus Maximus 1, 2 lower torso - upper leg 1790.6; 1790.6 

Gluteus Medius 1, 2 lower torso - upper leg 1769.3; 1376 

Iliacus lower torso - upper leg 1489.0 

Latissimus Dorsi 1 upper torso - upper arm 970.3 

Latissimus Dorsi 2 upper arm – central torso 967.0 
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Latissimus Dorsi 3 upper arm – lower torso 963.7 

Obliquus Exenus 

Abdominis 
upper torso – lower torso 1229.3 

Pectoralis Major 1, 2, 3 upper torso - upper arm 280.8, 256.3; 263.9 

Pectoralis Major 4, 5 scapula - upper arm 281.9; 272.9 

Pectoralis Minor 1, 2, 3 scapula - upper torso 247.5; 245; 244.3 

Pronator Teres upper arm - lower arm 327.8 

Psoas Major central torso - upper leg 1133.4 

Rectus Abdominis upper torso - lower torso 464.7 

Rectus Femoris lower torso - lower leg 2751.1 

Scalenus Anterior neck - upper torso 117.1 

Scalenus Medius neck - upper torso 108.1 

Scalenus Posterior neck - upper torso 107.4 

Semitendinosus lower torso - lower leg 768.7 

Soleus lower leg - foot 9725.9 

Splenius Capitis head - upper torso 109.8 

Splenius Cervicis head - neck 104.9 

Sternocleidomastiodeus head - scapula 107.4 

Tibialis Anterior lower leg - foot 1671.8 

Trapezius 1 neck - scapula 655.6 

Trapezius 2 upper torso - scapula 665.4 

Trapezius 3 scapula - central torso 663 

Triceps Brachii 1 scapula - lower arm 501.5 

Triceps Brachii 2 upper arm - lower arm 500.7; 553.2 

Vastus Lateralis upper leg - lower leg 5638.2 

Vastus Medialis upper leg – lower leg 3830.4 
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Although the actual human body is composed of more than 200 bones, this study 

created a skeletal structure model with 19 segments to reduce analysis convergence and 

the time required for the analysis. Definition was made for the joints between segments to 

connect the segments of the model. A total of 18 joints were created (Figure 13); each 

was designed as a kinematic joint with a tri-axis hinge joint arrangement, thus allowing 

the user to specify the function of each degree of freedom for each joint axis. 

 

Figure 13. 3D virtual human body model synchronized with the vacuum cleaner model 

developed for virtual 3D motion analysis.   

2.2.4.3  The Hill-type Muscle Model 

The model consisted of three elements: a contractile element (CE), a series element 

(SE), and a parallel element (PE) (Figure 14) [63]. The SE and PE components 
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represented soft tissue (passive). The force-extension relations of these tissues were 

defined by Eq. (1) and (2) 
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Where MSSE, MSPE and, ∆LSE, ∆LPE are the muscle strength and lengthening(or 

shortening) of SE and PE, respectively. The subscript ‘sh’ indicates shape function 

parameters of SE and PE. 

The CE included the active muscle fibers. Two properties characterized CE component: 

relation of muscle strength-velocity, and relation of muscle strength-length. The total 

summation muscle strength was defined by a general form Eq. (3) 

    UMSLfVfMS CEFLCEFVCE  max (3) 

Where MSCE is the muscle strength from the CE component, fFV and fFL are respectively 

muscle strength-velocity and muscle strength-length functions. fFV and fFL are also 

dimensionless parameters. MSmax is the maximal muscle strength in CE. VCE and LCE are 

the extension velocity and length of CE, respectively. U means the activation level of the 

CE component (normalized value). The muscle strength-length function was defined by 

Eq. 4 
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Where LCE and L0 are the length and latent length of the CE component.  
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The generalized form of the relation of CE muscle strength-velocity was suitable for 

extension both shortening and lengthening regions 
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e
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 0max )1(5.0 VUV 
 (6) 

Where Vmax and V0 are respectively maximal velocities of the CE component and latent 

velocity at specific activation level. MSmax is muscle strength at maximum activation 

isometric condition, and material parameters of Eq (4), (5), and (6) were referred by 

database of ADAMS.LifeMOD.  

 

Figure 14. Hill-type muscle model components. The Hill-type muscle model consists of a 

contractile element (CE) in series element (SE) and parallel element (PE) with elastic 

elements. 

The method applied to the each joint where the inputs were defined as the muscle 

activation level (U). The muscle moment (Mm) while the each joint angle was applied on 

the joint was computed based on the each joint angle. The muscle strength was a function 

of the joint angle. The Hill-type model analyzed with the fact that the muscle strength 

generated by the CE was equal to the muscle strength generated by the SE since they 



 

 23 

were connected in series (MSCE-SE = MSCE = MSSE). The total muscle strength was defined 

as the summation of active and passive parts (MSm = MSCE-SE + MSPE). The principle 

moment of each joint was analyzed by individual muscle moment.  

 

2.2.4.4  Vacuum Cleaner Model and Synchronization with Human Body 

Vacuum cleaner modeling was performed with the Pro/Engineer Wirdfire (Parametric 

Technology Corp., US) by simplifying the vacuum based on the actual measurements of 

the model. The model consisted of three parts: a hand grip, an elbow tube that could be 

bent to clean hard-to-reach areas, and a suction floor nozzle. Synchronization between the 

3D virtual human body model and the vacuum cleaner model was analyzed using 

MSC.ADAMS (MSC Software Corp., US) multi-body dynamic analysis software. For 

this synchronization, the vacuum cleaner model weight was set to 1.7 kg (identical to the 

actual weight), and the parts were connected to one another. The connection between the 

floor nozzle and the telescopic extension wand was defined as a rotating joint, and other 

connections were defined as fixed joints. Main body of the vacuum cleaner was not fully 

modeled because it was judged that the main body had no significant effect on the 

motions selected for the experiment. To synchronize motions, the final model was created 

by connecting the hand of the 3D virtual human body model to the handgrip of the 

vacuum model. 

 

2.2.4.5 Analysis 

We performed an inverse dynamic analysis using MSC.ADAMS and set wrist, elbow, 

shoulder, lumbar joints, and muscles (flexor carpi ulnaris, extensor carpi ulnaris, biceps 
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brachii, triceps brachii, deltoid, trapezius, latissimus dorsi, pectoralis major, and erector 

spinae) related to the motions of each joint as major parts for observation. Calculations 

and analyses were performed on the dominant joint moment and muscle strength of each 

joint and muscle.  

To investigate the statistical significances 1) among the muscle strengths for each 

cleaning motion, 2) among the maximum joint moments for each cleaning motion and 3) 

among the muscle strengths and joint moments for the cleaning motions, one-way 

analysis of variance (ANOVA) was performed with Tukey’s-b post hoc multiple 

comparisons. Here, the significance level for the statistical analysis was set at 0.05. 

 

2.3 Results 

2.3.1 Survey Results on Vacuum Cleaner Use 

In terms of convenience, 69.3% and 55.5% of the participants had negative evaluations 

of the vacuum cleaner noise and design, respectively. In contrast, 66.2% of participants 

rated their degree of satisfaction with suction power as positive. Although vacuums 

generally have functions that allow them to be used for various purposes and to increase 

convenience, the vacuum cleaners were not properly used (negative evaluation by 81.1% 

of the participants). In addition, 77.4% of participants felt pain when vacuuming and 80% 

of the participants who felt pain mentioned experiencing the pain mainly in the arm and 

shoulder. Therefore, these results may indicate that a potentiality of the musculoskeletal 

disorder occurrence on the arm and the shoulder due to the accumulated motions made by 

the repeated cleaning works may be high. This interpretation is supported by the findings 

reported by S. Tanaka et al. (2001) and D. L. Nordstrom et al. (1997) that accumulated 
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motions made by repeated works may cause a pain on the musculoskeletal system, 

resulting in musculoskeletal disorders. 

 

2.3.2 Results of REBA for Evaluating Poses 

We used REBA to obtain evaluation points for (1) the wrist and arm at the upper body 

portion; (2) the neck, upper body, and lower body; and (3) overall points (Table 3). The 

evaluation point was the highest (5 points) at the arm and wrist for Pose 2; it was the 

highest (5 points) at the neck, upper body, and lower body for Pose 5. Lastly, in the case 

of overall points, it was the highest for Pose 2 (4 points) and Pose 5 (4 points). 

Table 3. Results of REBA for various poses while vacuuming 

Working 

Pose 

Evaluation Points 

Arm and Wrist 

Neck, Upper Body 

Parts, and Lower 

Body Parts 
Overall Point 

Pose 1 2 2 2 

Pose 2 5 2 4 

Pose 3 2 2 2 

Pose 4 2 3 3 

Pose 5 2 5 4 

 

2.3.3 Results of 3D Motion Analysis for Evaluating Working 

Motions 

2.3.3.1 Muscle Strength Comparison 

For all working motions, the latissimus dorsi and trapezius, which are required for 

shoulder joint movements, require more muscle strength than any other muscles (p > 0.05) 
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(Figure  15). Here, the strength of the muscles related to the movement of the shoulder 

joint, except the pectoralis major, was the highest when pushing the vacuum and lowest 

when pulling the vacuum (p < 0.05). In addition, the strength of other muscles involved in 

shoulder joint movements was generally similar to or higher than the strength of the 

muscle groups involved in movements of the wrist, elbow, and lumbar joint (p > 0.05). 

The strength of muscle groups other than those involved in the shoulder joint was 

generally maintained at a constant level (p > 0.05). Muscle strength was generally 

reduced for Working Motion 2 but increased for Working Motions 3, 4, and 5 compared 

to Working Motion 1, the most basic motion (p < 0.05). 
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Figure 15. Changes in the dominant joint moment and muscle strength while vacuuming. 

The dominant joint moment and muscle strength were calculated for the motions of pulling 

the vacuum backward completely (0%), pushing the vacuum forward completely (50%), and 

then pulling the vacuum backward again completely (100%). 

Table 4 summarizes the maximum muscle strengths that occurred with each working 

motion during vacuum cleaner use. The latissimus dorsi, which was engaged in shoulder 

joint movements, made significant contributions to all working motions (p < 0.05). 

However, compared to the other working motions, the latissimus dorsi did not make a 

great contribution compared with other muscles during Working Motion 2 (p > 0.05). For 

most of the working motions, the strength of the muscle group engaged in movements of 

the wrist, elbow, and lumbar joint was similar (p < 0.05); however, there was a 

statistically significant difference between muscle strength groups due to differences in 

joint movements that were activated according to the characteristics of each working 

motion (p < 0.05). In addition, within the muscle strength group, there were statistically 

significant differences among muscle strengths.  
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Table 4. Average and standard deviation for the representative maximum muscle strengths required for working motions when 

vacuuming 

Muscles (N) 

Working 

Motion 

Flexor 

carpi ulnaris 

Extensor 

carpiulnaris 

Biceps 

brachii 

Triceps 

brachii 
Deltoid 

Trapezi

us 

Pectorali

s major 

Latissimu

s dorsi 

Erector 

spinae 

Motion 1 
2.760 ± 

0.552
†,††

 

2.208 ± 

2.760
†,††

 

1.656 ± 

2.760
*,**,†,††

 

11.040 

± 6.072
†
 

10.488 ± 

6.624
†
 

18.216 

± 6.624
†
 

9.384 ± 

4.968
**,†,††

 

33.672 ± 

11.040
*,**,††

 

6.624 ±  

3.864
†,††

 

Motion 2 
2.208 ± 

1.104
†,°

 

0.00 ± 

0.00
*,**,†,°,°°

 

0.552 ± 

1.104
*,**,†,°

 

8.280 ±  

3.312 

2.208 ± 

1.656
*,**,†,°

 

6.072 ± 

1.656™ 

9.384 ± 

3.864
**

 

11.040 ± 

7.176™ 

3.864 ±  

4.416
**,†,°

 

Motion 3 
3.312 ± 

2.208
†,††,Ф,ФФ

 

5.520 ± 

2.760
†,††

 

12.144 ± 

6.072
†,††

 

11.040 

± 

4.968
†,††

 

13.800 ± 

7.728
†
 

20.976 

± 6.624
†
 

11.592 ± 

4.416
†,††

 

51.336 ± 

7.728
††,Ф

 

4.140 ± 

3.864
**,†,††,Ф,

ФФ
 

Motion 4 
3.864 ± 

3.864
†
 

2.208 ± 

1.104
†,††

 

6.072 ± 

5.520† 

10.488 

± 3.864
†
 

7.728 ± 

4.416
†
 

15.456 

± 8.280
†
 

13.248 ± 

5.520
†
 

43.608 ± 

15.456
††

 

4.968 ±  

2.208
†
 

Motion 5 
4.416 ± 

2.760
†,††,§

 

4.968 ± 

3.864
†,††,§

 

12.144 ± 

9.384† 

13.248 

± 5.520
†
 

13.248 ± 

7.728
†
 

22.080 

± 3.864
†,§

 

17.112 ± 

4.968
†
 

56.304 ± 

9.936
††,§

 

9.936 ±  

2.208
†,††

 

*: Significant difference from Working Motion 3 for each muscle. **: Significant difference from Working Motion 5 for each muscle. : Significant difference from all 

other working motions for each muscle. †: Significant difference from the latissimus dorsi for each working motion. ††: Significant difference from the trapezius for each 

working motion. °: Significant difference from the trapezius, triceps brachii, and pectoralis major for each working motion. °°: Significant difference from the biceps 

brachii, flexor carpi ulnaris, and deltoid for each working motion. Ф: Significant difference from the deltoid for each working motion. ФФ: Significant difference from 

the extensor carpi ulnaris, biceps brachii, triceps brachii, and pectoralis major for each working motion. §: Significant difference from the pectoralis major for each 

working motion.  
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2.3.3.2  Comparison of Joint Moment 

In the case of Working Motions 1, 3, 4, and 5, which consisted of back-and-forth 

motions based on the center of the human body, the dominant joint moment occurred at 

the sagittal plane. In the case of Working Motion 2, which consisted of a left-to-right 

motion based on the center of the human body, the dominant joint moment occurred at 

the frontal plane. 

Generally, shoulder joint moment changed to the greatest extent for all working motions, 

and pushing and pulling was clearly distinguished for all working motions except for 

Working Motion 2 (p < 0.05; Fig. 6). In addition, for all working motions except for 

Working Motion 2, the shoulder joint moment was at a maximum (minimum) when the 

vacuum cleaner was being pulled (pushed). Generally, joint moment at the wrist and 

elbow was at a maximum (minimum) when the vacuum was pulled (pushed) and the 

joints were bent (unfolded). For Working Motion 2, however, the joint moment at the 

wrist joint was maintained at a constant level (p > 0.05). In addition, the joint moment at 

the lumbar joint was continuously maintained for Working Motions 1 and 2, but for 

Working Motions 3–5 it was at a maximum (minimum) when the vacuum was pulled 

(pushed). Compared with the joint moment at the wrist, elbow, and shoulder joint, the 

joint moment at the lumbar joint was maintained at a constant level (p > 0.05). In addition, 

the joint moment was smallest during Working Motion 2 and greatest during Working 

Motion 5 (p < 0.05). 

Table 5 summarizes the average and standard deviations for maximum joint moment at 

the wrist, elbow, and lumbar joints that occurred from each working motion. These data 

were obtained from analysis of the seven 3D virtual human body models. Joint moment 

was greatest at the elbow joint (p < 0.05) and smallest at the lumbar joint (p < 0.05) for 
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Working Motions 1–3. For Working Motions 4 and 5, joint moment was the greatest at 

both the elbow and shoulder joints (p < 0.05), whereas it was relatively low at the wrist 

and lumbar joints (p < 0.05). 

Table 5. Average and standard deviation for the major maximum moment at the 

wrist, elbow, shoulder, and lumbar joint when vacuuming 

Working 
Motion 

Joints (Nm) 

Wrist Joint Elbow Joint Shoulder Joint 
Lumbar 
Joint 

Motion 1 110.91 ± 
47.97

†,††
 

302.55 ± 
118.01 

234.97 ± 42.96 65.31 ± 
34.46

*,†,††
 

Motion 2 93.24 ± 47.97
†
 

276.14 ± 
116.41

††
 

136.81 ± 
31.67

*,†
 

30.27 ± 
20.92

*,**,†,††
 

Motion 3 150.32 ± 
47.33

†
 

309.66 ± 
105.14

††
 

222.34 ± 41.56
†
 62.12 ± 

43.99
*,†,††

 

Motion 4 98.22 ± 
34.00

†,††
 

198.05 ± 74.54 214.99 ± 76.60 87.14 ± 
25.96

†,††
 

Motion 5 
140.97 ± 
49.91

†,††
 

248.87 ± 
115.52 

236.00 ± 33.88 
123.72 ± 
39.89

†,††
 

 

2.4 Discussion and Conclusions 

Musculoskeletal disorders that occur in physical laborers are influenced by a 

combination of various causes (working pose and motion, weight and shape of working 

tools and objects to be worked on, frequency, duration, etc.). To prevent musculoskeletal 

disorders from occurring, it is essential to study how muscle strength and joint moment 

vary at major muscles and joints. Therefore, surveys and REBA, which are frequently 

used to qualitatively present and evaluate measures and items for preventing 

musculoskeletal disorders, have basic limitations in improving a working environment 

quantitatively. Survey results are based only on subjective, qualitative, and result-based 

facts, and REBA results are predicted by measuring and analyzing only the angles of the 

joints and loads for discontinuous specific working poses. The current study is, therefore, 
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meaningful in securing quantitatively biomechanical grounds for functional improvement 

(e.g., reduction of a potentiality of musculoskeletal disorder occurrence) of vacuum 

cleaner as one of working tools, through the evaluation of the changes in the muscle 

strengths and joint moment from various kinetic and kinematic data while cleaning works 

are being performed. Also, it is thought that the results from the study are meaningful at 

least in showing quantitative the alterations of the muscle strengths and joint moments 

while cleaning works are being performed, for estimation of a potentiality of 

musculoskeletal disorder occurrence. 

Survey results revealed that pain generally occurred in the arm and shoulder. REBA 

results showed that during Working Pose 1, pain was greatest in the wrist and arm, 

whereas for Working Pose 5 it was great in the neck and upper and lower body. That is, 

when moving the vacuum left and right (straightening the elbow tube to clean hard-to-

reach areas), a potentiality of musculoskeletal disorder occurrence was high in the arm 

and wrist (in the neck and upper and lower body). Such results corresponded to the 

survey results to some extent and provide information as to which poses cause problems 

for certain parts of the body. However, it was not possible to examine how muscle 

strengths and joint moments were altered at muscles and joints while using the vacuum as 

mentioned previously. 

The 3D motion analysis results did not correspond to the REBA results. For example, in 

the case of Working Pose 2 related to Working Motion 2, REBA results showed that a 

potentiality of musculoskeletal disorder occurrence was high at the arm and wrist, 

whereas the 3D motion analysis revealed that the muscle strength and joint moment 

related to the motion of the arm and wrist joints were not greater than those for other 

working motions (p > 0.05). That is, the 3D motion analysis did not show any elevated 
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potentiality of musculoskeletal disorder occurrence compared to other working motions. 

However, because the joint moment at the elbow joint is greater than at the wrist, 

shoulder, and lumbar joints (p < 0.05), when the analysis was performed using only the 

muscle strength and joint moment, a potentiality of musculoskeletal disorder occurrence 

was greater at the elbow joint than at the wrist, shoulder, and lumbar joints. These results 

corresponded to the survey results to some degree in that greater pain generally occurred 

in the arm and shoulder. Even in the case of Working Motion 5, unlike the REBA result, 

a potentiality of musculoskeletal disorder occurrence in the neck and upper and lower 

body was not greater than for other working motions. In the case of Working Motion 5, 

however, because the degree of muscle strength and joint moment contributions related to 

the movement of the lumbar joint increased, there was a potentiality of musculoskeletal 

disorder occurrence in the upper body. These results corresponded to the REBA results to 

some degree. In addition, as the frequency of Working Motion 5 increases, a potentiality 

of musculoskeletal disorder occurrence would be higher at the elbow and shoulder joints 

than at the wrist and lumbar joints. The reason for this is that the muscle strength and 

joint moment related to the movement of the elbow and shoulder joints was greater than 

that related to the movement of the wrist and lumbar joints (p < 0.05). The latissimus 

dorsi and trapezius generally need more muscle strength than any other muscles when 

vacuuming. In particular, the strength of the latissimus dorsi and trapezius was highest 

when pushing the vacuum (related to flexion of the upper arm) and lowest when pulling it 

(related to extension of the upper arm) (p < 0.05). These results indicate that the working 

motion related to the movement of the shoulder joint, particularly the working motion 

that generates flexion of the upper arm, might be significant. This may be an important 
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biomechanical clue for designing a new vacuum cleaner capable of reducing a 

potentiality of musculoskeletal disorder occurrence induced from repetitive motions. 

Muscle fatigue is one of critical criteria to identify if musculoskeletal disorder is 

induced by repeated motions. Generally the muscle fatigue is predicted by analyzing a 

degree of frequency shift of electromyographic (EMG) signals obtained from EMG 

sensor attached on the muscle [64, 65]. For the analysis, a power spectrum method was 

introduced as one of the quantitative analysis methods using sampling frequency by the 

fast fourier transformation. However, the current study didn’t obtain unfortunately EMG 

signals to study a degree of muscle fatigue for prediction of a potentiality of 

musculoskeletal disorder occurrence, because of a difficulty of use of wired EMG sensor 

in cooperation with 3D motion capture experiment. This study predicted, therefore, 

indirectly a degree of muscle fatigue by analyzing fluctuations on the joint moments by 

repeating the negative and positive values, obtained from multi-body dynamic analysis 

using virtual human body model based on 3D motion capture experiment. The high 

repeated fluctuations may indicate that flexion and extension are occurred repetitively at 

the joints by turns. It may induce a muscle fatigue by a high degree of occurrence of the 

muscle contraction and relaxation at the joints, resulting in a high potentiality of 

musculoskeletal disorder occurrence. The fluctuations at the elbow and shoulder joints 

were dominantly shown while cleaning works was being performed (Figure 15). The 

fluctuations at the elbow and shoulder joints were relatively greater for Working Motions 

3-4 than Working Motions 1-2, and 5 and for Working Motions 1 and 3-5 than Working 

Motion 2. These results indicate that a potentiality of muscle fatigue occurrence on the 

muscles generating repetitively the elbow and shoulder motions in the cleaning works 

(elbow: Working Motions 1-2 and 5; shoulder: Working Motions 1 and 3-5) may be high, 
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resulting in a high risk of a potentiality of musculoskeletal disorder occurrence at the 

muscles and joints. This may be also an important biomechanical clue for designing a 

new vacuum cleaner capable of reducing a potentiality of musculoskeletal disorder 

occurrence induced from repetitive motions. 

The 3D motion analysis result for all working motions showed that, when using a 

vacuum, the muscle strength and joint moment at the muscles and joints related to the 

movement of the elbow and shoulder joints was greater than for other joints (p < 0.05). In 

addition, the muscle strength and joint moment were relatively greater for Working 

Motions 3–5 than Working Motions 1 and 2. Based on these results, we conclude that to 

reduce a potentiality of musculoskeletal disorders occurrence, the following 

biomechanical and ergonomic aspects should be considered. Vacuum cleaner design and 

working motions should be improved so that (1) the overall muscle strength and joint 

moment related to the movement of the elbow and shoulder joints is reduced by 25% 

from the present results and (2) users are not required to bend or unfold the elbow tube to 

clean the corners and hard-to-reach areas. If these factors could be applied to the pushing 

and pulling work that frequently occurs during materials handling, a potentiality of 

musculoskeletal disorder occurrence could be reduced. 
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Chapter 3. Analysis of Momentum in the Muscles and 

Angular Momentums in the Joints during a Wash using a 

Washing Machine 

3.1 Introduction 

Numerous female have been suffered by musculoskeletal disorders and the number of 

the patient with them is increasing [66, 67]. A report classified major types of 

occupational diseases occurred in Korea into musculoskeletal disorders (36%), brain / 

cardiovascular disease (34%), pneumoconiosis (13%), deafness (10%); accordingly, 

musculoskeletal disorders have been reported as the commonest occupational disease [68]. 

The medical cost to deal with musculoskeletal disorders is increasing [69, 70]. In addition 

to musculoskeletal disorders, the number of pain female patients associated with these 

disorders is also increasing. About 70% of female workers in Korea have been treated for 

mild pain (26.8%) and severe pain (42.5%) [42]. In the US, more than 70% of people 

have back pain in daily life [71]. In the UK, low-back pain is the cause of 12.5% of the 

sick days, and the largest cause of absence from work [72]. One of the most causes to 

limit daily activity in the people under 45 year-old [73], of physical therapies [74] and the 

fifth ranking for medical cost of treatment for back pain [75]. Therefore pain can cause 

not only reduction of work efficiency, but also serious problem in aspect of social 

economy and cost to treat pains [76]. 

There are several causes to induce musculoskeletal disorders. Primarily, excessive 

physical burden or impacts can cause musculoskeletal disorders such as dorsopathy [45, 

46]. Meanwhile, musculoskeletal disorders can be followed by fatigue that is accumulated 
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by a repeated work with inefficient motions (e.g., carrying objects with bending waist) 

[77, 78] or a prolonged accumulation of work [47-50]. Many female perform repeatedly 

daily works in their home and work place, leading to increase in the risk of 

musculoskeletal disorders [66]. However, there are few studies for quantitative 

assessment of the risk of musculoskeletal disorders.  

There are several methods to evaluate risk of musculoskeletal disorders associated with 

work, e.g. Ovako working-posture analysis system (OWAS), Job strain index (JSI), Rapid 

upper limb assessment (RULA), NIOSH lifting equation guideline (NLE) [61, 67, 79, 80]. 

Since introducing Rapid Entire Body Assessment (REBA) by Hignett S amd McAtamney 

L [62], moreover, it has been widely used in the industrial and ergonomic field due to 

easy to use it and not expensive. Although these methods were developed from the 

enormous empirical data, there are several limitations. They are worksheet based-

evaluation methods, and thus would deal with limited contents or surveys. In addition, it 

is difficult to quantitatively access the risk of musculoskeletal disorders. REBA have 

limitations to evaluate working postures because of applying the only brief information 

such as human body range of motion, each segment and weight of the tools.  

Recently biomechanical evaluation methods have been used. Energy consumption 

measurements and analyses of the manual material handering, oxygen uptake analyzer 

[81], heart rate (HR) and oxygen consumption (VO) [82], were performed to evaluate a 

specific task of work-related physical activities. However, these methods could not 

quantitatively access the risk of musculoskeletal disorders. Alternatively, the inverse 

kinematic analysis method was introduced and was more comfortable as comparing to 

energy consumption measurement method [83].  
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In the previous our study, we evaluated the biomechanical effects of house work on the 

muscles and joints during vacuum work [84, 85]. However, these studies estimated how 

much load is taken on the muscle and joint, but didn`t evaluate the amount of work 

(momentum and angular momentum) that is one of the parameters to estimate fatigues 

[84]. Thus the goal of this study to predict the risk of musculoskeletal disorders caused by 

a wash using electronics washing machine commonly performed at home and in industry 

through calculations of the amount of work on the muscles and joints. Furthermore, we 

also evaluated the effects of a height of clothes entrance of outside washing machine and 

a depth of the washing machine drum on the amount of work. 

 

3.2 Materials and Methods 

3.2.1 Participants 

This experiment was performed for the 6 female participants (Age: 23.8 ± 3.2 years, 

height: 159.5 ± 4.8 cm, weight: 53.5 ± 4.7 kg).  There was no significant differences 

between the averages of anthropometric data in Korean and those of participants (p = 

0.976) [86, 87]. Participants were not suffered from musculoskeletal diseases, or any 

other conditions that could alter their capacity to perform the trials. None of the 

participants had been taken a rehabilitation program before their participation in this 

study. They were informed about potential risks and discomfort associated with the 

experiment. Investigators obtained informed and written consent from each participant 

before enrolling the participants in experimental trials. The study protocol was approved 

by the Institutional Review Board (IRB) of Yonsei (Maeji) University Health System 

(IRB No. 2010-1). 
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3.2.2 Customized Test Bed Design 

The customized test bed was designed based on the design of a commercial electronics 

washing machine (WT5101HW, LG Electronics Inc., Republic of Korea). The test bed 

was developed by simplifying based on the actual measurements of the washing machine 

(Figure 16). The test bed consisted of two variables: a height of clothes entrance on a 

front part of the washing machine which participants may have contact with trunk and a 

depth of the washing machine drum which participants have to reach down to catch 

laundry. The original height and depth of the washing machine was 962.5 mm and 609.4 

mm respectively. In this study, four pairs of them were chosen according to capacity of 

the drum considered volume of other essential parts of the washing machine likewise 

motor (Table 6). 

 

Figure 16. Diagram of the washing machine. Height of clothes entrance (A), depth from the 

height of the washing machine (B). 

 

 



 

 39 

 Table 6. Four pairs of height and depth 

 Trial 1 Trial 2 Trial 3 Trial 4 

Height (mm) 962.5 962.5 995.5 1015.5 

Depth (mm) 609.4 624.4 642.4 677.4 

Capacity (L) 152 155 160 169 

 

3.2.3 Three Dimensional Motion Capture 

A three-dimensional (3D) motion analysis system (VICON Motion System Ltd., UK) 

equipped with six infrared cameras was used for the experiment. The sampling frequency 

of the camera was set to 120 Hz to measure even the smallest body motion. To measure 

the movement of each segment, we attached the number of 49 reflecting markers with a 

diameter of 14 mm on segments of the women’s bodies according to the plug-in gait 

marker set method. 

The participants needed to fully understand the motions to be performed and observed 

prior to commencing the experiment. Participants were allowed approximately 5 min of 

rest after each motion to minimize error due to remembering previous motions. The 

experiment was repeated five times for each motion to minimize errors by experimental 

variations and to allow data to be averaged for each motion. 

 

3.2.4 Virtual Human Body Model and Analysis 

Musculoskeletal modeling and analysis was performed by using BRG.LifeMOD 

(Biomechanics Research Group, Inc., US) as described previously [84, 88]. Briefly, the 

model consisting of 19 segments and 59 muscles was generated from the data acquired by 

3D motion analysis system. The changes in the muscular strength and moment applied to 
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major muscles and joints were calculated by an inverse dynamics. Inverse dynamic 

analysis using the 3D multi-body dynamic analysis software, MSC.ADAMS and set 

shoulder, thoracic, lumbar, hip, and knee joints as well as muscles (Trapezius, Latissimus 

dorsi, Erector spinae, Gluteus medius, Semitendinous, Biceps femoris, and Tibialis 

anterior) related to the motions of each joint as major parts for observation. Then 

calculation and analysis were performed on the muscle strength and joint moment of each 

joint and muscle. Consequently, momentums in the muscles were calculated from muscle 

strength and angular momentums in the joint were calculated from joint moment. 

 

3.2.5 Statistical Analysis 

A repeated Measurement test was performed in order to investigate the statistical 

significance of amount of work between trials. For all of these statistical analyses, paired 

samples t-test was performed. Here, the significance level for the statistical analysis was 

set at 0.05. 

 

3.3 Results 

3.3.1 Results of 3D Motion Analysis for Evaluation 

3.3.1.1 Comparison of Momentum 

Changes of momentum for each muscle were analyzed for all working motions (Figure 

17). Momentums in the right and left Trapezius, the right and left Latissimus dorsi, the 

left Erector spinae, the left Gluteus medius, the right Biceps femoris, the right 

Semitendinous, and the right and left Tibialis anterior in Trial 4 were the highest in those 
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in Trials (all p < 0.05). Moreover, momentums of left Trapezius, right and left Latissimus 

dorsi, left Gluteus medius, right Biceps femoris and Semitendinous in Trial 3 were 

significantly higher than those in other Trials. Momentums in left Latissimus dorsi, left 

Gluteus medius in Trial 2 were also significantly higher than those in Trials 1 (all p < 

0.05). There were no significant differences in the right Erector spinae, the left Biceps 

femoris, and the left Semitendinous among trials (all p > 0.05). In all the Trials, 

momentums in the right and left Latissimus dorsi were more than 60% of the net 

momentum and those in the right and left Erector spinae muscles were more than 10% of 

the net momentum. 
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Figure 17. Average momentums (a) Left Trapezius muscle, (b) Right Trapezius muscle, (c) 

Left Latissimus dorsi muscle, (d) Right Latissimus dorsi muscle, (e) Left Erector spinae 

muscle, (f) Right Erector spinae muscle, (g) Left Gluteus medius muscle, (h) Right Gluteus 

medius muscle, (i) Left Biceps femoris muscle, (j) Right Biceps femoris muscle, (k) Left 

Semitendinous muscle, (l) Right Semitendinous muscle, (m) Left Tibialis anterior muscle, (n) 

Right Tibialis anterior muscle. 



 

 43 

 

3.3.1.2 Comparison of Angular Momentum 

Changes of angular momentum for each joint were analyzed for all working motions 

(Figure 18). Angular momentums of many joints (the Ankles, Thoracic and Lumbar in 

both sides) in Trial 4 were significantly higher than those in other Trials. Angular 

momentums of the right and left Hip were significantly higher in Trial 3 than other Trials 

except Trial 4. Some of joints (the right and left Shoulder, left Knee) did not present the 

significant differences. In all the Trials, angular momentums in Lumbar were more than 

45% of the net momentum and those in Thoracic were more than 15% of the net 

momentum to perform the each of Trials. 
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Figure 18. Average angular momentums (a) Left Shoulder joint, (b) Right Shoulder joint, (c) 

Thoracic joint, (d) Lumbar joint, (e) Left Hip joint, (f) Right Hip joint, (g) Left Knee joint, (h) 

Right Knee joint, (i) Left Ankle joint, (j) Right Ankle joint. 
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3.4 Discussion and Conclusions 

A repeated house work is one of the main factors to cause musculoskeletal disorders in 

female; particularly washing motion using electronics washing machine is representative 

[36, 37, 39]. To prevent such musculoskeletal disorders, it is essential to understand their 

prevalence in biomechanical aspects as well as pathological aspects. Therefore, 

quantitative study on the amount of work (momentum and angular momentum) in 

muscles and joints during work should be required. However, most of previous studies 

have frequently focused on subjective, qualitative, and result-based facts because these 

were   relayed on surveys rather than well designed-biomechanical evaluations. To 

overcome these drawbacks, we calculated the amount of work on the muscles and joints 

through 3D virtual human body modeling and numerical analysis based on 3D motion 

analysis during a wash considering dimensions of electronic washing machine.  

In this study, the momentums in most of the muscles, except for the right Erector spinae, 

the left Biceps femoris, and the left Semitendinous were higher in Trial 4 than other 

Trials. Several muscles had the higher momentums in Trial 3 compared with Trial 1 and 

Trial 2. However, the momentum in the left Latissimus dorsi in Trial 2 was only higher 

than those in Trial 1. The angular momentums in most of the joints, except for the right 

and left Shoulder, the right Knee joints have trended to be higher in Trial 1compared with 

other trials. These results indicated that the momentums in the muscles and angular 

momentums in the joints might be affected by dimension of washing machine; 

particularly increase in higher clothes entrance and deeper drum. Therefore, the excessive 

work in muscle and/or joint might be accumulated, result in increase in the risk of muscle 

and joint damages or injuries. These results were consistent with the previous study [85]. 
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Furthermore, in higher clothes entrance and deeper drum, the momentums in the 

muscles associated with motion of upper arm, the Trapezius and right Latissimus dorsi, 

tended to be higher. Additionally, the angular momentums in the Thoracic, and Lumbar 

joints, associated with motion of torso also tended to be higher. These results indicated 

that torso further bended and simultaneously upper arm further extended during a wash 

using a washing machine in higher clothes entrance and deeper drum.  

Interestingly, the angular momentums in the right and left Hip in Trial 3 were higher 

than those in Trial 1 and Trial 2, whereas there was no difference between Trial 3 and 

Trial 4. However, those in the right and left Ankle were smaller in Trial 3 than Trial 4. 

These result might suggested that primarily Hip joint was maximally extended to perform 

a wash. Secondly, the ankle joint would be extended if the extension of Hip joint was 

insufficient. However, we did not verify these in this study.  

Additionally, momentums in the Latissimus dorsi and Erector spinae muscles in all the 

Trials were more than 70% of the net momentum. Moreover, most of net angular 

momentums in all the Trials were from Thoracic and Lumbar joints (total 60%) to 

perform the each of Trials. It means that a wash mainly affected the upper body rather 

than lower body, specifically the shoulder and back. These results were consistent with 

the previous study evaluating the effects of pulsator washing machine [85]. However, 

another study showed that the Lumbar, Knee and Hip joints were mainly effected during 

a wash [88]. The reasons for such inconsistent results might correspond to the position of 

clothes entrance, top side in this study vs. front side. The user for the pulsator washing 

machine should open a top door and moving laundry into the drum with standing position. 

However, the user for drum washing machine should open a front door and moving 

laundry into the drum with bending lower torso. For these differences, the design of 
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washing machines should be considered by effects in musculoskeletal system. Taken 

together, repeated motions with the height and depth of the Trial 3 and 4 may increase the 

potentiality of the musculoskeletal disorders occurrence in order to perform motions with 

burdens imposed on the muscles and joints especially Latissimus dorsi muscles with 

Shoulder joints and Gluteus medius muscles with Hip joints. 

For the increased capacity of the washing machine, the increased heights may be 

mandatory. However, this study was investigated that heights of washing machine should 

be considered from an ergonomic point of view to reduce the musculoskeletal burden. 

Therefore, the heights should be not only considered but also position of clothes entrance, 

especially have a tilting angle of the entrance. The angle may reduce the musculoskeletal 

burden due to highly risked repeated work even if the heights may increase for the 

increased capacity of the washing machine. These results of study might be not thought as 

either impact or significance. A commercial musculoskeletal modeling and analysis tool 

were used to calculate momentums based on the motion analysis data. On the other hand, 

these were relatively easy to analyze complex movements in 3D space with reasonable 

prediction of repetition works more than developing either new methodology or 

measurement tools. This study may be meaningful in the point of view of an application 

for evaluation of complex human movements both with not much different from the 

expected results and without massive and overabundant tools. 
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Chapter 4: Development of Novel Shear Force Sensor 

4.1 Introduction 

Shear force or stress on the skin surface is one of the pathological causes of pressure 

ulcers in the elderly and in patients with spinal cord injuries (SCI) or diabetes, and of soft 

tissue damages in patients that use a prosthesis or wheelchair [5, 6, 89-92] .These diseases 

can lead to severe complications such as amputation or even death. Therefore, analyses of 

shear force on the skin are important for investigating the pathology of pressure ulcers or 

soft tissue damages and for developing methods of treatment and/or prevention. 

To date, numerous attempts have been made to analyze shear force/stress. Gilsdorf [93] 

measured the shear force and normal force on the interface between a human and the seat 

of a wheelchair by using a piezoelectric-based force plate. However, this force plate was 

unable to measure the shear force on deformed seat surfaces because it consisted of a 

rigid plate. Novak used a capacitance-based sensor; however, this sensor had limitations, 

such as a large hysteresis during load reduction [94]. Sanders et al. developed strain-

gauge-based transducers to measure the stress in three orthogonal directions applied at the 

residual limb-prosthetic socket interface, and then estimated the shear force [95]. 

However, measuring the shear force on the interface between a human and a machine, 

bed, or wheelchair seat was impossible because of the bulky dimensions of the 

transducers. In addition to these traditional methods, other methods for measuring shear 

force have been introduced: electromagnetic force measurement, piezoelectronic circuits, 

and microelectromechanical systems (MEMSs) [96-98]. However, these methods have 

several drawbacks as well, such as bulky dimensions (electromagnetic technique), high 

degree of technical difficulty (piezoelectronic and MEMS techniques), and narrow 
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measurement ranges (MEMS technique). Recently, a sensor constructed of flexible 

plastic has been used to measure not only the shear force with a strain gauge but also 

pressure with air displacement [99, 100]. However, normal force on the grid of a strain 

gauge could be a great interference in order to induce grid deformation with error output.  

In this study, therefore, we proposed and validated a shear force measurement system 

based on strain gauges, which is inexpensive, easy to integrate, and more reliable than 

previous methods. 

 

4.2 Materials and Methods 

4.2.1 Materials 

The shear force sensor was quadrangular in shape (width × height × thickness, 54 mm × 

54 mm × 4.1 mm) and consisted of two parallel aluminum layers (upper and lower; each 

1 mm in height) and one polyvinyl chloride layer (middle; 1 mm in height; Figure 19). 

The middle layer was nearly parallel to the upper and lower layers to ignore the normal 

force applied on the middle layer. The two ends of the bridges of the middle layer were 

bonded to the upper layer, whereas the other ends were attached to the lower layer. Two 

strain gauges (12 mm × 6 mm × 0.1 mm, 120 Ω, CAS, Korea) were then attached to the 

two bridges of the middle layer. Thus, two strain gauges on the middle plate were 

orthogonal to one another, and all shear force components in the X- and Y-axis directions 

could be concurrently measured.  
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Figure 19. Views of shear sensor. (a) Enlarged diagram, (b) side view, and (c) photograph of 

the fabricated sensor. (i) Upper plate, (ii) middle plate, (iii) lower plate, (iv) strain gauge, (v) 

ball bearing, and (vi) guide component of the middle plate. 
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In addition to measuring the pure shear force, our systems incorporated two solutions to 

prevent or minimize an interference of normal force. First, ball bearings were used 

between the upper and lower layers (Φ = 1.5 mm). Several ball bearings whose diameter 

was larger than the thickness of the middle layer were used to prevent contact between 

the strain gauges and the upper and lower layers and to minimize the friction between 

layers. Second, the upper and lower aluminum layers were used to minimize their 

deformations by external force. If such deformations occurred, others forces could be 

transmitted to the strain gauges and complicate the measurement of pure shear force. 

Moreover, a guide structure to prevent contact between the strain gauge and the upper 

plate was fixed on the lower plate. 

When a shear force was applied to the upper plate of the sensor, deformation of the 

strain gauges embedded on the middle plate caused electronic signals to occur. The shear 

forces were then calculated from such signals by the following formula:  

Fτ = Kτ × Eτ (1), 

where Fτ is the shear force, Kτ is a constant and Eτ is the output voltage of the strain 

gauge. 

To derive this formula, shear forces were applied to the shear sensor by using standard 

weights (2, 4, 6, 8, and 13 N) in a sensor test apparatus that could load shear forces in 

eight directions concurrently (Figure 20). Subsequently, the electronic signals of the shear 

sensor corresponding to the shear forces were measured, after which a correlation test 

was performed (R2 = 0.999, P < 0.001) and the formula was derived (Kτ = 20607.4 in 

this study).  
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Figure 20. Directions of applied shear forces and applied standard weights. 

The output voltage of the strain gauge was collected and analyzed by SCXI-1521B and 

PXI-6225 (National Instruments, US). The shear force was then calculated from the 

output voltage by LABVIEW (National Instruments, US). 

  

4.2.2 Validation 

To validate our sensor, loads were applied to the shear sensor in eight directions by 

using 63 standard weights (Figure 20). A linear regression analysis was performed to 

evaluate the correlation between the shear force applied and that measured by the shear 

sensor. Furthermore, Bland–Altman analysis was performed to verify the accuracy and 

reliability of the shear sensor [101].  
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4.2.3 Application 

Two shear mats, each consisting of 24 shear sensors, were fabricated (Figure 21). One 

mat was laid on a seat, and another was attached to the back of a standing wheelchair. A 

healthy male (26 years old, 173.3 cm, 71 kg) sat on a stand-up wheelchair (SY-su0801, 

Sangyoon Corp., Korea) and performed seating/standing movements. The shear forces 

between the human and the wheelchair were measured at a sampling rate of 10 Hz. All 

procedures were performed according to a protocol approved by the Institutional Review 

Board of the Korea Orthopedics & Rehabilitation Engineering Center. 

 

Figure 21. (a) Shear mat consisting of 20 shear sensors and (b) motion cycle of standing 

wheelchair. 
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4.4 Results and Discussion 

The correlation between the shear force applied and that measured by the shear sensor is 

shown in Table 7. 

Table 7. Correlation between applied shear force and measured shear force. 

Tensile direction R
2
 p 

Xext 0.999 0.000 

Xcomp 0.999 0.000 

Yext 0.998 0.000 

Ycomp 0.999 0.000 

Diagonal 2 0.953 0.000 

Diagonal 4 0.995 0.000 

Diagonal 6 0.995 0.000 

Diagonal 8 0.996 0.000 

Xext, Tensile in the direction of the X axis; Xcomp, Tensile in the direction of the reverse X axis; 

Yext, Tensile in the direction of the Y axis; Ycomp, Tensile in the direction of the reverse Y axis; 

Diagonal 2, Tensile in the direction of the diagonal axis 2; Diagonal 4, Tensile in the direction of 

the diagonal axis 4; Diagonal 6, Tensile in the direction of the diagonal axis 6; Diagonal 8, Tensile 

in the direction of the diagonal axis 8. 

 

There was good agreement for all shear force directions (R2, 0.953 to 0.999). 

Furthermore, we confirmed the accuracy and precision of the shear sensor (Figure 22). 

All mean differences were relatively close to 0 and located within ±1.96 standard 

deviation for all directions of shear force. These results show that the proposed shear 

sensor is reliable for measuring shear force despite the relatively low values. 
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Figure 22. Bland-Altman results. Solid line, mean difference; dashed line, mean ± 1.96 

standard deviations. Stand; standard weight, (a) Xext; Tensile in the direction of the X axis, 

(b) Xcomp; Tensile in the direction of the reverse X axis, (c) Yext; Tensile in the direction of 

the Y axis, (d) Ycomp; Tensile in the direction of the reverse Y axis, (e) Diagonal 2; Tensile in 

the direction of the diagonal axis 2, (f) Diagonal 4; Tensile in the direction of the diagonal 

axis 4, (g) Diagonal 6; Tensile in the direction of the diagonal axis 6, (h) Diagonal 8; Tensile in 

the direction of the diagonal axis 8. 
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The magnitude of the shear force increased with the motion cycle in the seat and back 

(Figure 23), and greater changes in shear force were observed during seat positioning 

movement (51%–100%) than during stand-up positioning movement (0%–50%). 

Throughout the course of wheelchair movement, the magnitude of the shear force tended 

to be higher in the seat than in the backrest. This might be due to the weight loads on the 

buttocks being higher than those on the back. On the backrest, a downward shear force 

was generated in the direction opposite to the movement when the wheelchair rose to the 

standing position, whereas an upward shear force was generated in the direction opposite 

to the movement when it declined to the seating position. In contrast, the direction of 

shear force on the seat was downward throughout the course of wheelchair movement. 

Furthermore, the shear forces of the lower rows on the backrest and higher rows on the 

seat tended to be higher than those of other rows (Figure 23). These results imply that 

higher shear forces are generated on the joint between a seat and the backrest and that the 

sites at which they occur might be the sacrum and ischium, which are the most common 

sites of pressure ulcers in wheelchair users [92]. Methods for dispersing or relieving the 

shear force on the joint to prevent pressure ulcers or/and pain in wheelchair users should 

be considered. 
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Figure 23. Lapse of changes in shear force. (a) Lapse of changes in total shear force. Length 

of arrow, magnitude of shear force; angle of arrow, direction of shear force; solid red line, 

rising to standing position (0%–50%); dotted red line, declining to seating position (51%–

100%). (b) Distribution of shear force while rising to standing position (0%–50%) and 

declining to seating position (51%–100%). Unit; N. 
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In this study, we designed and validated a novel shear sensor consisting of two strain 

gauges. The proposed shear sensor has several advantages. First, it is easy to integrate, 

inexpensive, and reliable. Second, it can measure the pure shear force. Third, the 

dimensions of the sensor are easily adjusted and can thus be applied to various 

circumstances. Finally, the proposed shear sensor can measure shear forces in any 

direction. For these reasons, it is more practical than previous methods for measuring the 

shear force [95-100]. 

The proposed shear sensor may contribute to investigations in which the shear force 

produced on the human-machine interface is measured. It can thereby contribute to 

verifying the pathology of serious diseases such as pressure ulcers and improve the design 

of machines with more comfort and efficacy. 
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Chapter 5: Development of Novel Anthropomorphic Dummy with 

Soft Tissue 

5.1 Introduction 

Hertzberg [102] defined the word “comfort” as “the absence of discomfort.” According 

to the Oxford dictionary, the fundamental definition of comfort is “a state of physical ease 

and freedom from pain or constraint.” The car seat is an important area of focus for 

efforts to minimize the degree of discomfort to the passenger. The degree of vehicle’s 

seating comfort or discomfort can be related to the seat material, and shape, and posture 

of the passenger on the seat. The degree of comfort offered by a car seat is a significant 

factor while assessing the interior comfort of the car. Thus, the design of a car seat should 

be arrived at by using objective methods. Several methods have been used to evaluate the 

degree of comfort including surveys, numerical analyses, and anthropomorphic dummies. 

Surveys have been the most common method of comfort evaluation owing to their 

simplicity and ease of use. Surveys have also been particularly used to evaluate comfort 

of car seats. One such survey was conducted by Rhiu et al. [103], wherein the responses 

of domestic and foreign subjects were compared. The survey involved a questionnaire 

that assessed the comfort level for five different car seats. Domestic and foreign subjects 

were made to evaluate car seats both visually and tactually. Another survey conducted by 

Schneider and Ricci [104] determined the frequency of discomfort experienced by 

subjects during driving and its effect on their different body parts. The body parts in 

which the subjects experienced the most discomfort were the lumbar, buttock, upper-back, 

and neck. The subjects subjectively categorized pain or discomfort into mild and sharp. 

Therefore, earlier studies only focused on subjective and qualitative results, which were 
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obtained via surveys rather than through well-designed objective evaluations. However, 

numerical analysis methods focus on studying quantitative aspects of seating comfort. 

Lee et al. [105] suggested a dynamic model, which takes into account the mass and the 

moment of inertia of 15 different body parts and tests convenience levels on vehicle 

driver seat in a virtual environment. Another study, by Kim [106] briefly reviews several 

ride vibration standards and criteria, using models of humans and vehicles, and suggests 

recommendations for the effective use of such criteria in vehicle/component development. 

Pankoke et al. [107] used numerical simulation to predict dynamic spinal loads caused by 

vibrations in the human body. They built a nonlinear, finite-element, and simplified 

model of a seated subject that was scaled to measurements corresponding to the subjects 

vertical and horizontal posture on the vehicle seat, to predict the relationship between 

exposure of the subject’s body parts to the vehicle seat and its effect on the subject’s 

overall body. Numerical simulation model may predict loads on the human, if the model 

closely resembles the human body with regard to anthropometric factors such as height 

and moment of inertia. However, some biomechanical attributes cannot be determined via 

direct measurement, and this makes it necessary to assess such parameters using indirect 

measurement methods. The result achieved via numerical analysis method should be 

compared with some fundamental result achieved using direct measurement. Hence, to 

fulfill the demand for a measurement system that can deliver objective results, several 

attempts have been made to measure and evaluate car seat comfort using various 

anthropomorphic dummies such as MEMOSIK V [18, 19], Biofidelic Rear Impact 

Dummy (BioRID) [20-28], Hybrid III [21, 24, 26, 27, 29-31], and occupant classification 

anthropomorphic test devices (OCATD) [32-35]. However, these dummies have failed to 

produce objective results. In the case of MEMOSIK, whose purpose was to objectively 
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measure the transmission of vibration from the vehicle base to the subject through the 

vehicle seat, the pressure distribution on the surface of the vehicle seat could not be 

determined. Furthermore, both the BioRID dummy used in the rear-end collision test of a 

vehicle at low speed as well as the Hybrid III dummy used in the frontal-impact test of a 

vehicle at high speed could not sense the accelerations of different body parts. Moreover, 

the BioRID and the Hybrid III dummies were not developed to evaluate the degree of 

seating comfort. Lastly, OCATD dummies can determine the distribution of pressure on 

the surface of a vehicle seat only when the subject is a petite adult female or a six-year-

old child.  

Thus, there is a need for a new dummy, which possesses elements alike actual human 

soft tissue and sensors to measure external load imposed on different body parts of a 

subject, when the kinematics and kinetics of the subject are reproduced under the test 

environment.  

 

5.2 Development 

5.2.1 Skeletal structure of dummy 

Using anthropometric data from the Size Korea [87], a skeletal structure of a dummy 

was designed. The dummy represented 50 percentile of male within the 20-60 years age 

group, with height and weight equal to 172 cm, 72 kg, respectively. This skeletal 

structure was installed with linear variable differential transformers (LVDTs), an angular 

encoder, force-torque sensors (FT) sensor, and a torque transducer (Figure  24). 

Although the actual human body is composed of more than 200 bones, this study created 

the skeletal structure of a dummy with 13 body segments: head/neck, torso, right and left 
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upper arms, right and left forearms, pelvis, right and left thighs, right and left legs, and 

right and left feet, and 10 joints: neck, right and left shoulders, right and left elbows, hip, 

right and left knees, and right and left ankles. Each joint was designed as a rotational joint 

only on the sagittal plane with a single-axis hinge joint arrangement, allowing researchers 

to specify the degree of rotation for each joint. The right and left hip joints were designed 

to have the same rotational angle. The skeletal structure had the provision to put up 

weight disks at the head, arms, torso, and thighs. An angular encoder was installed at the 

right side of the hip joint to measure its rotational angle. Six LVDTs were installed on 

both thighs, in the position of ischial tuberosity, to measure deformation of car seat at the 

point of contact of the dummy and the seat. One FT sensor each was installed at the 

lumbar joint and the cervical joint. A torque transducer was installed at the left shoulder 

joint to measure the rotational torque of the left arm.  

 

 

Figure 24. A schematic design of skeletal structure consisting of 13 segments and 10 joints. 
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Table 8. Specific information of sensors 

 Capacity Linearity 

Lead 

Wires 

Resolution 

LVDT 0-50mm 0.3% Cable, 5m 

Infinity 

(Analog) 

FT Sensor 

(6-axis) 

10 kN(Force) 

500 N-m(Torque) 

0.1% Cable, 5m 

Infinity 

(Analog) 

Torque 

Transducer 

200Nm ±0.25% Cable, 5m 

Infinity 

(Analog) 

 

5.2.2 Soft tissue of dummy 

A soft tissue was inserted in the dummy’s buttock and thighs, one part which is biggest 

interfaces between the human body and a car seat. Plaster mold resembling the buttock 

and thighs of a human, with height of 172 cm and weight of 75 kg were built for the 

dummy’s skeletal structure (Figure 25). Six cylinders were used to create spaces for the 

installation of LVDTs on both thighs at the position of ischial tuberosity.  
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Figure 25. A plaster mold with lower limbs of skeletal structure of dummy. 

Plastic hardener and softener, manufactured by United States-based M-F Manufacturing 

Company were used to build the plaster molds of the dummy’s buttock and thighs. The 

plastic mold was filled with ten liters of the hardener and eight liters of the softener, after 

boiling them at over 300°C for 20 minutes (Figure 26). 
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Figure 26. A copy model of buttock and thigh, and plugged into skeletal structure of 

dummy. 

5.2.3 Tracking arm 

A tracking arm was designed to determine the reference position for the installation of 

sensors in the pelvis of the dummy’s skeletal structure (Figure 27). The tracking arm used 

two-long, variable length links, whose total lengths ranged between 605 mm and 665 mm. 
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Six angular encoders, with a resolution of 5,000 per 360°, were used to calculate the 

movement of the tracking arm, using the MATLAB software developed by US-based 

MathWorks.. 

 

Figure 27. A 3 dimensional position tracking arm. 

5.3 Validation 

5.3.1 Pressure distribution 

The developed dummy was compared with a human subject on a car seat The subject 

possessed similar characteristics as those of the dummy, i.e., height of 172 cm, and 

weight of 75 kg (Figure 28). Two force plates (BP400600, AMTI, US) were installed 

under the car seat to measure the vector of the subject and the dummy. A pressure mat 
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(LX100, XSENSOR, US) was placed at the interface between the subject and the car seat 

to take two measurements of the pressure distribution pattern, average pressure, peak 

pressure, and contact area. While measuring pressure in case of the dummy, additional 

weights of 35 kg were added to its skeletal structure so that weight equilibrium could be 

achieved between the subject and the dummy, because the dummy’s skeletal structure 

was incomplete with the missing torso and upper body.  

 

Figure 28. Participant and dummy on the car seat to compare pressure distribution pattern, 

average pressure, peak pressure, and contact area. 
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Figure 29 shows that similar patterns of pressure concentration were observed on the 

left side of the buttock and the right thigh of both the dummy and the human subject; 

however, different pressure distributions were observed at the outside contact area of both 

thighs. The dummy induced slightly higher average pressure, by 8.63%, and its contact 

area was 5.60% greater than that of the subject. However, the peak pressure induced by 

the dummy was 13.31% lower than that at induced by the subject.  

 

Figure 29. Participant and dummy on the car seat to compare pressure distribution pattern, 

average pressure, peak pressure, and contact area. 

Table 9. Validation results from pressure measurements 

  Participant Dummy Dummy / Participant 

Average pressure (kPa) 6.605 7.175 108.63% 

Peak pressure (kPa) 22.735 19.71 86.69% 

Contact area (cm^2) 1171.77 1120.165 95.60% 
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5.3.2 Tracking arm 

A tracking arm was validated by drawing lines on three orthogonal planes (Figure 30). 

Two long links were fully extended to draw lines on the target planes.   

 

Figure 30. The positions of lines on the three orthogonal planes (up), and an expected 

trajectory lines on a display window in the MATLAB (down). 



 

 70 

This led to the end-effector trajectories of the tracking arm to follow the paths of the 

target lines (Figure 31). 

  Figure 31. Three trajectories on the three validation planes. 
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5.4 Discussion and conclusion  

Before the development of dummies, researchers used surveys to evaluate car seat 

comfort; surveys were used not only on account of their simplicity and ease of use, but 

also because it was hard to determine alternate evaluation methods. Numerical analysis 

tried to objectively evaluate the level of car seat comfort as effectively as possible, 

although the result achieved by this method needed to be validated against the result 

achieved using direct measurement. Within a couple of decades, dummies were 

developed for the evaluation of car seat comfort. These dummies, such as MEMOSIK, 

BioRID and Hybrid III, did not use soft tissue. MEMOSIK was not an appropriate 

dummy for the evaluation of loads imposed on different segments or joints of the human 

body, such as the shoulder, lumbar and cervical spine, the dummy did not allow objective 

measurement of the transmission of vibration from the base of the vehicle to the subject 

through the vehicle seat. Furthermore, BioRID and Hybrid III were not designed to focus 

on the contact interface between the human body and the car seat; they were rather 

developed to test rear- or front-impact simulations. Recently, dummies with soft tissues, 

such as the OCATD series, were developed to evaluate the pressure distributions by a car 

seat, but such dummies could determine pressure distributions only in cases of a petite 

adult female and a six-year-old child. This is the paper, therefore, focuses on 

fundamentally developing an anthropomorphic dummy as one of the effective tools to 

evaluate vehicle seat comfort. The skeletal structure of the dummy is filled with soft 

tissues, and several sensors are installed in it.  

The validation of the dummy’s skeletal structure and soft tissues established that the 

induced average pressure and contact area of the dummy were equivalent to that of a 

human subject with similar physical characteristics; however, the peak pressure was 
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different. These results were due to difference in the postures of the subject and the 

dummy, because of the missing upper body of the dummy. It was found that the pressure 

distributions at the outside contact area of both thighs were different in the cases of the 

subject and the dummy. The distribution of weight and center of mass were also different. 

Moreover, large weight disks on the pelvis of the dummy that applied load across a broad 

area induced lesser peak pressure in case of the dummy than that in case of the subject. In 

the process of validation of the tracking arm, the end effector followed the path of the 

lines drawn on the three orthogonal planes. The tip of the end effector was affixed to the 

anterior part of the pelvis of the dummy’s skeletal structure. The maximum length of the 

tracking arm should exceed 300 mm, considering that it should be able to be installed in 

the dashboard, or steering wheel of the car.  

Unlike previous dummies such as the BioRID and the Hybrid III, all the joints in the 

new dummy have only one degree of freedom. Rotational joints on the sagittal plane 

enable to focus on the dominant movement of the joints on the car seat. This means that 

this dummy may find it hard to maintain balance while sitting on the car seat during a 

dynamic test conducted by driving the car on an actual road. The torso and the upper 

body of the dummy’s skeletal structure have been designed, though the adjustment of 

these body parts is still in progress. The lower part of the torso would be connected to the 

pelvis and lumbar region using a fixed joint. Another round of validation should be 

carried out after the adjustment, by conducting the pressure distribution test on the whole-

body dummy and the human subject. This dummy, installed with several sensors, could 

be subjected to various tests on different car seats. Therefore, using this dummy is 

considered meaningful in the process of quantitatively estimating the comfort level of a 

vehicle seat.  
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Abstract in Korean 

 

인체의 움직임과 관련된 근력, 관절 토크 및 전단력의 기계적 반응의 

분석 및 검증 

 

본 연구에서는 직접적이고 간접적인 다양한 방법을 사용하여 주변 환경이 인체에 

미치는 영향을 측정하고 분석하였다. 인체의 움직임과 관련된 전단력, 압력, 근력 및 

관절 토크의 측정을 통한 피부, 근육, 및 관절에 인가된 외력의 정량적이고 객관적인 

분석을 위해 3 차원 동작분석 시스템이 사용되었으며 전단력 센서 및 해부학적 

더미가 개발 및 사용되었다. 3 차원 동작 분석 시스템을 이용하여 효율적으로 인체의 

3 차원 움직임을 측정하여 가상 인체 모델의 생성을 통한 다양한 동작들의 평가를 

수행할 수 있었으며, 추가적이고 복잡한 동작 측정 기기의 사용 없이 상대적으로 

쉽고 널리 알려진 근골격계 모델을 이용하여 동작 분석을 수행할 수 있었다. 

스트레인 게이지를 이용하여 개발된 전단력 센서는 외력에 의해 변화하는 물체의 

스트레인을 측정하여 수직력을 배제한 순수한 전단 성분을 측정할 수 있었다. 이와 

같은 연구들은 복잡한 인체의 움직임에 따른 영향의 분석을 불편하고 큰 장비들의 

사용 없이 예상된 결과들과 큰 차이 없이 분석되었다는 점에서 의미가 있었다고 

생각된다. 또한, 전단력 센서와 해부학적 더미의 개발은 인체의 움직임과 관련된 

전단력, 압력, 근력 및 관절 토크의 측정을 통한 피부, 근육, 및 관절에 인가된 외력의 

평가에 도움이 될 수 있을 것으로 생각된다.   
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