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i 

Abstract 

 

The purpose of  an assistive device or robot is to provide dynamic support to 

the human user; therefore, consideration of  the human is inevitable in the design 

process. Although previous studies about the development of  sit-to-stand (STS) 

assistive devices have reflected human factors, they have not considered the mutual 

interaction effect between the user and the product in the device design process. The 

design variables of  a device, which are determined by considering the human scale or 

motion, should not be the optimal design solution for the user-product integrated 

environment. This type of  device design does not maximize the effect of  supportive 

function unless the interrelationship between the human user and the product is 

applied to product design. In this thesis, a novel method for determining the optimal 

design of  the physical interface of  an STS assistive device, in which a human user 

establishes contacts with the product, is presented. 

In previous studies related to human-product integrated analysis, human 

posture is easily estimated in the product-integrated kinematic environment because 

the kinematics of  the product exhibit specific prominent patterns. In the operation of  

an STS assistive device, which determines the position and the orientation of  the 

limbs, prediction of  the optimal human posture of  the pelvis and the trunk segments, 

which are ranked highest in the hierarchy structure of  the human model, for 

interaction with the device is challenging. In contrast to the typical motion prediction 

method that uses forward dynamics approaches, which utilize human motion data and 

their corresponding measured reaction force, human STS movement with an active 

supportive device and the reaction forces by those device elements are determined by 
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the motion of  the device and the physical interface to/from the device. Therefore, the 

measured external force in an experiment is not always feasible for each motion. To 

solve these two problems, this study adapts a supplementary method to determine the 

position and the orientation of  body segments at higher ranks in the hierarchical 

human model, which are implemented in the human-product integrated environment, 

and a reaction estimation method for human posture without experimental data. This 

study estimates the external force exerted to the human using a virtual muscle by 

defining the external force and executing incomplete inverse dynamics without a 

measured reaction force. From given motion experimental data, the reaction force is 

estimated using virtual muscles, which are implemented at the physical interface 

between the human and the product/environment, by inverse dynamics without 

application of  measured force data. The virtual muscle strength is acquired by 

updating the estimated reaction until it approaches the measured reaction force. A 

human posture and the reaction force at the posture, which are influenced by the 

device conditions, are estimated using inverse dynamics with the acquired virtual 

muscle strength.  

A variable related to the physical interface (the handle position of  the device) 

and two operative variables (the maximum tilting angle and the motion trajectory of  

the device) are selected for the study. This thesis consists of  two successive studies: 

the first study encompasses a parameter study to determine the handle position and 

the maximum tilting angle; the second study entails an optimization of  the device 

trajectory. In the parameter study, the optimal handle position and the tilting angle, 

which minimize the knee peak joint moment, are obtained using simulation. The 

proposed simulation model in the parameter study is validated using Geers’ methods. 

Trajectory optimization determines the optimal device trajectory that minimizes the 
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knee extension torque and the flexion torque at the waist. The acquired optimal 

parameters from the parameter study and the pelvis trajectory from the motion 

experiment are exploited in the trajectory optimization study. Because minimizing the 

peak knee moment is the most important objective for this optimization, the 

optimization study begins at “seat-off ” when the knee moment achieves a maximum 

value. For the remainder of  the rising motion, simulation is executed by time steps of  

the motion. The obtained trajectory of  the device is proven to effectively support the 

user by comparing the maximum knee moment from the simulation with the 

maximum knee moment from the literature. The resultant device trajectory is applied 

to the assistive device; the human experiment with this application validates the 

studies. 

 

Keywords: Human-product integrated simulation, Assistive device, Sit-to-stand, 

Design optimization, and Reaction force estimation 

 

Student Number: 2009-30901 
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1. Introduction 

 

An assistive device is an apparatus that aids people who have lost or have a 

deficit in their physical functions, increases their independency in their daily living and 

induces them to participate in society. This type of  device includes mobile aids, such 

as wheelchairs or walkers, auditory and visual aids and other communication assistive 

tools. Among these types of  devices, upper limb or lower limb assistive devices 

facilitate certain human motions by providing dynamic support to the limbs. The 

assistive devices shown in Fig. 1 provide dynamic support to the human user by aiding 

a human with the sit-to-stand (STS) motion.  

 

 

  

Fig. 1. Examples of  assistive devices or robots for STS motion 

Left: Kamnik et al. (2007) [1], Right: Chugo et al. (2007) [2] 
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Use of  an assistive device or robot for STS motion is a support and 

rehabilitation method that is applicable to people with restricted use of  the lower 

extremities. This device is effective for developing physical independence by 

improving muscle strength or controllability and enabling self-movement by providing 

sufficient mechanical support to raise a patient.  

The primary function of  these assistive devices is to maximize the supportive 

effect on a human user, that is, to minimize the human effort required to move the 

body. However, the functions of  these assistive devices are not solely operated by the 

mechanical capacity of  the hardware systems; they are also determined by an 

interrelationship between the product and its user. A well-designed assistive device 

should positively affect the human user in the product-user interaction environment. 

In the design process of  an assistive device, how effectively the human user will be 

aided by the assistive device in the operating environment should be considered.  

Although previous studies of  STS assistive devices [1], [2] have successfully 

provided patients with supportive methods, their design processes possess limitations 

with regard to the human-product interaction. Although human factors have been 

considered and reflected in the development process of  assistive device in these 

studies, the majority of  studies have only determined the design variables based on 

statistical anthropometry and human experimental data. In previous studies, primary 

experimental data have only provided a reference for product design; additional 

experiments have been executed to prove the effectiveness of  the proposed system by 

comparing the results with motion without the device, as illustrated in Fig. 2. These 

studies have disregarded the effect that the design of  the physical interface, which is 

the interaction point between the human and the product such as a handle, on the 

dynamics of  the human user. The design variables have been derived from ideal 



3 

human motion and have not confirmed whether these variables provide maximum 

support for the human user. They have not reflected the actual interactive 

environment because a disabled or physically weak person may react differently when 

they encounter these assistive devices.  

 

 

 

 

 

 

Fig. 2. Current design process for assistive devices 
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A human-product integrated design process [3], [4] provides a combined 

environment that simultaneously facilitates product design and biomechanical analysis 

using a common platform. The main purpose of  this environment is to design a 

product that considers human aspects, such as the anthropometry, the range of  

motion, the product-user interaction, and the joint and muscle dynamics of  a human. 

Because an assistive device for rehabilitation, treatment or exercise is operated by 

active interaction to/from the user, the performance of  the device is not only 

demonstrated by its mechanical properties or hardware specifications but also by its 

practical dynamic effect on the user. The design variables can be determined by 

estimating how the human user is affected by the product. The human-considered 

product design is a critical process for the development of  these devices or robots. 

The thesis presents a method for optimizing the design parameters for the 

design of  a supportive device [5], [6] that assists a human user in rising from a chair 

(Fig. 3). The outline of  the total process is illustrated in Fig. 4. The design parameters 

and operation trajectory are determined by considering the human-product interface, 

which is affected by human factors, and a parameter study and optimization were 

executed for these parameters using a musculoskeletal human model and an inverse 

dynamics simulator. The joint dynamics of  the human lower limbs were employed as 

criteria to determine the optimized design of  the device. The results of  the simulation 

are applied in experiments using an actual assistive robot to evaluate the simulation 

results. This method is also applicable to other product design processes of  human-

motion-related products and facilitates analysis and evaluation, which are essential 

during product development. 
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Fig. 3. Assistive device for STS 

 

 

 

Fig. 4. Outline of  human-product integrated design 
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2. Related studies 

 

2.1. Sit-to-stand motion 

A sit-to-stand (STS) transfer motion is a human movement of  raising the 

body and standing up on the feet from a sitting position (Fig. 5). The primary purpose 

of  an STS maneuver is to transfer the body’s center of  mass (COM) from a lower 

position to a higher position [7]. When the body’s COM is located in a lower position, 

such as in a chair, the human body is positioned with a very stable status because the 

buttocks are completely supported by the chair. However, the ability to control and 

balance the body’s COM is required after contact between the chair and the buttocks 

is broken for a rising motion.  

The functioning of  the body during STS motion is shown in Fig. 6 [8]–[11]. 

At the beginning of  the motion, flexion of  the human trunk generates a horizontal 

linear momentum that causes horizontal acceleration of  the body’s COM. The 

buttocks begins to leave the chair, and the feet begin to only support the entire human 

body; the moment at which the contact between the buttocks and the chair is broken 

by lifting the buttocks is referred to as “seat-off ” or “lift-off ” [8], [12]. After seat-off, 

the horizontal linear momentum begins to change and generates vertical linear 

momentum. The ground reaction force (GRF) simultaneously and significantly 

increases. The increased GRF pushes the lower extremities, and the flexed knee begins 

to extend. This causes peak joint moments on the knee and hip joints, which support 

and control the motion of  the entire body [13]–[16]. Large loads and joint moments 

on the hip and knee joints are usually required to stand from a sitting position.  
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Fig. 5. Sit-to-stand (STS) motion 

 

Fig. 6. The functioning of  the body during STS motion  
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Researchers have concluded that there are two types of  strategies for the STS 

maneuver [8], [12], [14], [17], [18].  

The first strategy is referred to as the “momentum transfer strategy” (Fig. 7, 

Left). This strategy emphasizes the horizontal linear momentum as the primary 

function of  the STS motion, which is generated in the first stage of  the movement. 

The body’s COM is usually located posterior to the base of  support (BOS), which is 

the foot position. The separation of  the COM and the BOS indicates that the human 

posture is unstable after seat-off  and that the lower extremities need to generate 

sufficient muscle forces to support the moment caused by the rear-positioned body 

COM. Therefore, an individual can reduce the leg muscle force by creating high 

horizontal linear momentum of  the trunk, which can be generated by swift flexion 

motion with high horizontal velocity. This strategy explains the typical STS motion of  

healthy people, especially for rapid STS transfer motion. The COM is usually located 

behind the feet at the moment of  seat-off  [14]. 

The second strategy for the rising motion is referred to as the “stabilization 

strategy” or “zero-momentum strategy” (Fig. 7, Right). In this strategy, a person tries 

to move the trunk forward before seat-off  to convey the body’s COM over the BOS 

before a large amount of  muscle force is required. The key point of  this maneuver is 

that positioning the body’s COM over the BOS can guarantee stabilization of  the 

COM during motion because the body’s COM does not generate a large moment 

about the BOS [17]. The velocity of  the trunk motion is not important; the velocity is 

slower in this strategy than the velocity of  the trunk motion in the first strategy. 

People with weak muscle strength, minimal control of  their legs or poor balance tend 

to use this strategy because stabilization is crucial for rising without failing or falling 

[14]. The rising duration for these people is relatively longer and the trunk flexion 
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angle before seat-off  is larger compared with those of  healthy young people. 

However, these strategies are not independently or separately applied in the 

motion. The actual trunk motion before seat-off  simultaneously accompanies both 

strategies [12], [18]. The movement of  trunk forward generates the linear momentum 

for rising motion and conveys the body’s COM for simultaneously stabilizing human 

posture. 

 

 

 

 

Fig. 7. Two strategies for executing the STS motion [17] 

Left: Momentum transfer strategy, Right: Stabilization strategy 
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2.2. Assistive devices for STS movement 

Clinicians and engineers have devised a variety of  apparatuses for the 

rehabilitation of  people with restricted use of  the lower extremities. The purpose of  

these devices is to stimulate neuro-functions, prevent muscular or functional 

degeneration, and provide sufficient dynamic support to improve independency [1], 

[2].  

The easiest support method for STS motion involves support by a static 

structure, such as the armrests of  a chair or a walker (Fig. 8). By holding and pushing 

down on the armrests with their hands during a rising motion, people can acquire a 

benefit from the muscle forces and the joint moments of  their lower limbs. Several 

researchers have discovered that the moment reduction is primarily affected on the 

knee joint and hip joint. The hip joint moment has a benefit of  an approximately 50% 

reduction [19]–[21]. The joint angle during the motion does not change regardless of  

the support by the armrest [22]. Use of  a handrail or walker [23]–[25] while rising has 

a similar effect on armrest-assisted STS because support from a static device with 

hand use is provided for rising motion. People with restricted ability to stand up by 

themselves tend to use larger ratios for the hand forces during motion [14], [20], [21], 

[23].  

 

A variety of  active supportive devices or robots for the rising motion have 

been presented (Fig. 9). In contrast to static devices, they can facilitate an easier and 

more effective STS motion by the user by carrying the weight of  the human body.  

These active STS support systems can be characterized into three types of  

systems considering how the devices support body weight. In the first system, robots 
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can assist STS motion by supporting the upper extremities, the hands or the arms 

[26]–[28]. These devices facilitate the rising motion by moving vertically and/or 

horizontally and providing corresponding vertical and/or horizontal power to the 

user’s hands or arms. The second type of  system involves supporting the human trunk. 

They provide the required power for STS motion to the trunk when a user flexes the 

trunk and leans it on the chest pad of  the device [2] (Fig. 1, Right) or when the device 

pulls the trunk forward with the robot arms, which support the human back [29]. The 

third type of  device assists the human rising motion by supporting and lifting the 

user’s buttocks [1], [30]. This device functions as a type of  active chair, in which the 

user does not need to generate muscle force in the lower limbs to raise the body. 

These systems also have supportive handles that provide an additional support. 

However, the handles do not comprise a dominant supportive method but a 

supplementary role because the majority of  the required power is provided to the 

buttocks. 

 

Although the hand support serves a subsidiary role in an active chair-type 

support, these devices support the upper body to lessen the muscle forces and the 

joint moments of  the lower limbs. This finding indicates that assisting the upper body 

is an effective method for supporting STS motion.  
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Fig. 8. Static support methods for STS 

Left: Armrest on chair [19], Right: Walker [24] 

     
 

 

Fig. 9. Active support methods for STS 

Top left: Support on hands [27], Top right: Support on trunk [29], 

Bottom: Active chair [30]  
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2.3. Device design considering human motion 

Although previous studies [2], [27], [29], [31] on active assistive devices for 

STS adopted the experimental data of  human motion to determine the design 

variables for the devices, motion data have not reflected the interaction between the 

product and the human user in the product design. The proposed design factors have 

been proven by executing human experiments using the device prototype and have 

only compared the results with the results of  experiments without the device.  

First, they have not considered how the parameters of  the physical interface 

between the human and the product affect human motion and its joint/muscle 

dynamics. For the case of  the device handle, the physical interfaces that involve the 

position and the angle of  the handles or the distance between the handles can affect 

human motion and its joint dynamics because the dimension of  these parameters 

determines the hand position and the posture of  other related upper body parts. The 

consideration of  the interface is discussed in several studies related to static assistive 

devices. Wheeler et al. [32] investigated the parameters of  a chair to obtain better STS 

motion, and Kinoshita [24] (Fig. 8, Right) examined how the handle height of  a walker 

affects the joint torque of  the patient during rising motion.  

Second, these studies have overlooked that these human motion experiments 

cannot fully reflect the environment of  the human-machine interaction. They have 

determined the operation trajectory of  a device by analyzing the trajectory from a 

human motion experiment that was conducted in the initial stages of  the development 

of  the device. This approach assumes that the human subject does not use any devices 

for the movement and that no human-machine interaction in the motion experiment 

exists [1], [27], [31]. Trajectories of  human landmarks have only been extracted from 
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the motion experiments of  human subjects [27]; the paths have been employed as a 

reference or guide for device driving. The trajectory has been exploited from man-

assisted STS motion [2] or acquired using the inverse kinematic analysis of  a person 

[29]. However, the driving trajectories of  the devices cannot guarantee optimized 

paths for STS assistance because the effect on the human joint moments or the 

muscle forces, which are interrelated to the operation of  the robot, are not specified.  

 

Chugo has explored the STS assistive device and its application in [2], [33]–

[36]. His assistance device exploited a reference human motion that was suggested by 

a specialized nurse for assisting STS motion. The human-product interactive motion 

has not been considered in his studies; the human joint kinematics is adopted from 

the motion experiment of  the reference motion, and the device kinematics is 

described in terms of  the actuator displacements. He suggested a combined kinematic 

model of  the human and the product to deduct the trajectory of  the chest pad, which 

can serve as a physical interface between the human and the product. However, the 

obtained trajectory was only employed for the implementation of  the human 

reference motion by operating the device kinematics and did not consider the human 

joint dynamics during operation of  the device. Instead, he focused on how to control 

the device to reproduce the reference human motion and when to provide dynamic 

support to the human body. Therefore, the interaction between the human user and 

the device was not emphasized in each of  his studies.  
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2.4. Application of  human simulation  

Several simulation models have been developed and utilized to estimate joint 

and muscle dynamics and analyze rising and stabilizing strategies (Fig. 10). An invert 

pendulum model is a very simple simulation model that is used for strategy analysis 

during STS motion. By calculating the acceleration of  the body’s COM and motion 

timing from the motion data, subjects’ abilities of  rising motion and strategies for the 

stabilization have been assessed [12], [37], [38]. A segment model that consists of  foot, 

shank, thigh, and hat-and-trunk (HAT) have been extensively applied to analyze the 

joint dynamics using the inverse dynamics method [1], [9], [11], [14], [15], [21], [23], 

[39]–[44]. A musculoskeletal human model of  the STS motion [45]–[47] was 

developed to study muscle recruitment during motion and the required muscle force 

for the motion. These simulation models contain a simple muscle model for the 

inverse dynamics analysis of  the muscle.  

The majority of  these studies consist of  experiment-based studies that use 

optical measurement systems (e.g., high-speed video cameras or infrared cameras) and 

force platforms [13]. The acquired motion and force data have been delivered to the 

simulation model and analyzed using an inverse dynamics method. Electromyography 

(EMG) sensors have been often employed to receive muscle activations and validate 

the simulation results by comparing the estimated muscle recruitment with the 

measured data [48]. 

 

A human-product integrated simulation method for the product design 

process was suggested by Song [3], and a definition method for the human-product 

interface was proposed by Jung [4]. They considered human motion with the product 
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environment in which a human user operates. The interactive human motion was 

determined by the kinematic characteristics of  the device as the degrees of  freedom 

(DOF) of  the human model were constrained by the apparatus. Because the device 

exhibited a typical cyclic pattern, the human motion was easily estimated (Fig. 11, Left). 

However, when a human user uses a device with a high DOF, such as the active 

assistive device applied in this study, the human posture is difficult to estimate in 

response to the device motion (Fig. 11, Right). This problem is related to Issue 1, 

which will be discussed in Chapter 3.3. 

In traditional robotics and biomechanics, the posture/motion of  the robot 

end effector or the human hand is usually estimated using the forward dynamics 

method [49], [50]. Given joint and actuator properties, the posture is determined by 

minimizing the objective function (e.g., mechanical energy, joint work, or metabolic 

energy) for the system. However, these motion estimation methods only consider the 

upper extremities movement or gait motion and are not applicable to the problem 

related to both upper and lower limbs because the dynamic effect of  the GRF on the 

upper body and arm models is not explained by the forward method. They also 

require experimental data of  the reaction forces, such as the GRF, for the analysis. 

However, an estimated human posture cannot be tested; thus, the estimated GRF for 

the estimated posture cannot be obtained. This issue will be addressed in Issue 2 in 

Chapter 3.3. 
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Fig. 10. Simulation models for STS motion analysis 

Left: Pendulum model [51], Middle: Stick-figure model [41],  

Right: Musculoskeletal model [46] 

 

 

 

   

Fig. 11. Human posture determined by the device DOF 

Left: Human-product integrated model with a low-DOF device [4] 

Right: The case of  a high-DOF device  
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3. Problem statement 

 

3.1. Design variables 

Three design variables related to the human-product interrelation are selected 

for the determination of  the device design of  the upper plate of  the STS assistive 

device:  

1) the handle position,  

2) the maximum tilting angle, and 

3) the translation trajectory. 

 The upper plate is located at the top of  the apparatus, where the contact area in 

which the human arms and hands are interfaced during the motion on the plate exists. 

The user holds the handles on the upper plate as illustrated in Fig. 12, and the upper 

arms establish contact by positioning them on the plate. 

 

An important factor of  the human-product interaction is the physical 

interface between the user and the product. Generally, rehabilitation devices or 

assistive devices are required for the user to maintain contact with the apparatus while 

a machine’s operation or a human motion is executed. Physical contact between the 

user and the machine enables the device to provide force, power, and kinetic energy to 

the user, which enables him/her to move the body or the limbs. In addition, the 

physical interface affects the stability of  the user and the machine. An assisted human 

motion with an assistive robot indicates that two separate systems—a human and a 

device—become an integrated system; however, this combined system is unstable 

because it is not a firmly-assembled system. An inappropriate physical interface may 

harm the user by failing the motion and falling, which may cause injury. Therefore, 
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providing a proper physical interface that connects two separate systems is essential 

for an assistive device. Handles, armrests, backrests, headrests, saddles, pedals, belts 

and hoists can be employed as physical interfaces. In this study, the handle position of  

the device is selected as one of  the design variables. 

 

 

Fig. 12. The handles on the upper plate of  the STS assistive device 

 
 

The remaining design variables for this study are determined by considering 

the operation of  the upper plate of  the assistive device: the maximum tilting angle of  

the upper plate and its translational motion trajectory. The design of  the assistive 

device with an upper plate provides vertical support for the human upper extremities 

and increases balance. During a rising motion from a chair using typical STS motion, a 

person begins to move the trunk forward until the body’s COM is located over the 

BOS and the body’s COM exerts sufficient translation momentum to elevate the body 

[17]. As a result, a tiling motion of  the upper plate on the device can facilitate a 

flexion motion of  the human trunk because it can guide the user’s flexion motion.  
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An example of  the driving motion of  the upper plate is illustrated in Fig. 13. 

Initiating the device operation, the absolute value of  the tilting angle begins to 

increase until a minimum height of  the upper plate and the vertical distance between 

the subject and the device is achieved. The close posture of  the device to the user 

helps the user to move the body into the device and facilitates a bonding contact 

between the user and the apparatus. After the human user is capable of  leaning their 

body weight on the device at the moment of  the maximum tilting angle, seat-off  is 

possible. The variation in the maximum tilting angle may affect the human motion, in 

particular during the motion in which a body is lifted upward. During lifting motion, 

the tilting angle was designed to sustain the half  value of  the maximum tilting angle. 

The specifications for the driving motion of  the upper plate of  the machine are 

detailed in [5], [6]. 

The translational motion trajectory of  the assistive device is another variable 

for assisted-STS motion because it can affect the human motion and its related 

dynamics. The pelvis position and the joint angle of  the lower extremities can be 

affected by the change in device motion. Tomita et al. [52] indicated that the 

translation trajectory of  a hip joint may be affected by the trajectory of  the assistance 

device (Fig. 14). The trajectory of  the hip joint became similar to the device trajectory 

when the arm support moved convexly upward (∩ shape) or linearly during assisted 

STS motion. However, the results also showed that the hip trajectory was not always 

affected by the device trajectory; the hip trajectory exhibited an S shape, which was 

similar to the shape formed during unsupported STS (Fig. 15) when the assistive robot 

moves concavely downward (U shape). The device trajectory that supports human 

motion can conditionally affect the pelvis motion. The position of  the arm support at 

a given pelvis position affects the human trunk flexion and its accompanied dynamics. 

The flexion angle determines how much a person leans on the device; more flexion 
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causes more support from the robots. The reaction force in this support area 

simultaneously increases. The increase in the reaction force from the device to human 

arms reduces the GRF. The joint dynamics of  the lower limbs are simultaneously 

reduced. The effect of  the driving trajectory of  the supporting device to the human 

motion on the lower extremities is an important factor. 

 

 

 

 

Fig. 13. Driving motion of  upper plate and posture at the maximum tilting angle 
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Fig. 14. Trajectories of  the assistive device and the hip joint [52] 

 

 
Fig. 15. Trajectories of  the pelvis and other landmarks during STS motion [53] 
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3.2. Problem-solving process 

This thesis consists of  two studies as illustrated in Fig. 16: 

1) Parameter study for handle and tilting angle and 

2) Device position and trajectory optimization. 

 

The first study addresses the design variables for the handle position of  the 

assistive device, the physical interface between the user and the product, and the 

maximum tilting angle. For the handle position, the best position of  the hand with 

respect to the human body size is determined by considering the interaction between 

the user and the supporting device. This study also determines the benefit to the user 

generated by varying the tilting angle of  the device. By a parameter study with those 

variables, the optimal position of  the handle and the preferred tilting angle of  the 

device are determined. An inverse dynamics simulation is executed to acquire the peak 

extension moments of  the knee joints for the parameter study. 

The second study determines the optimal trajectory of  the upper plate of  the 

supportive device. The knee joint extension moment and the spine flexion moment 

are considered for the objective function, given the pelvis trajectory obtained from the 

first study. This process includes seat-off  to the end of  rising motion prior to 

stabilization. The optimal walker position at seat-off, which was obtained via an 

optimization, becomes the initial condition for analyzing the remainder of  STS 

motion.  
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Fig. 16. Study process 
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3.3. Related issues  

Two issues relate to the optimization problem solution in this study. 

Issue 1: The device position and the trunk position. 

A human skeletal model exhibits DOF redundancy because human motion is 

difficult to describe with a fixed DOF of  the human model due to the complexity of  

human motion. As mentioned in Chapter 2.4 and Fig. 11, rising motion with an 

assistive device, such as the combined kinematic model of  the upper limbs model and 

the device model, is limited because the operation of  the device does not dominate 

the movement of  all upper and lower limbs in the model. The motion of  the device 

primarily affects the upper extremities motion because the device supports human 

motion by providing mechanical power though the contact point to the upper limbs. 

The posture of  the distal parts in the human model cannot determine the posture of  

the pelvis or the trunk because the pelvis and the trunk are located in the highest 

ranks of  the hierarchical structure of  the human model. The pelvis motion and the 

trunk motion may be the redundant DOFs for the human-product integrated model. 

Therefore, an extra human motion driver should be suggested for completing the 

rising motion to be implemented. 

 

Issue 2: Estimation of  the reaction force. 

The trajectory estimation and optimization usually accompany a dynamic 

optimization [54]–[58] because the same trajectory also can have different meanings 

when the velocity and the acceleration is changed. Therefore, a time-variant 

optimization should be addressed. As illustrated in Fig. 17, these optimization 

procedures involve a forward dynamics method and estimate the joint kinematics 

based on the control algorithm of  the muscles. The measured external forces, such as 

the GRF, are also reflected in the updated muscle excitation [59]. However, as 
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explained in Chapter 2.4, this estimation method cannot be applied in the 

optimization of  this study because a change in device position affects the external 

force forces on the feet and the upper plate and the kinematics of  the human body. In 

contrast with the typical inverse dynamics that require measured external forces, the 

measured GRF is not available in this study. Therefore, the GRF and the reaction at 

the upper plate should be estimated in this study using modified inverse dynamics. An 

incomplete inverse dynamics analysis without a measured reaction force is processed 

for the force estimation. A virtual muscle element is established at the physical 

interface—the contact area between the human body and the environment or the 

product—where the reaction force is generated in the actual motion. The reaction 

force is estimated using these muscle elements. The estimated reaction force is 

calculated considering the mass distribution of  the body and its corresponding gravity 

and mass-acceleration force by motion using an inverse dynamics approach without a 

measured force data. The virtual muscle’s strength, which is the dynamic property of  

the virtual muscle, is iteratively updated by comparing the estimated reaction force 

with the measured reaction force in specific experiment settings. 
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Fig. 17. Typical forward and inverse dynamics approaches  

and the modified inverse dynamics in this study 
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4. Target-specific human model  

 

4.1. Target group for study 

The major target group for the study of  the assistive device design for STS 

motion includes male adults between 60 and 69 years old. The anthropometry data 

were collected from the SizeKorea database the Standard of  Korean Human Scale 

[60]. The standard measurements of  400 subjects in the target group are shown in 

Table 1. 

 

Height 1645.8 Weight 66.4 

Trunk length 467.0 Pelvis width 291.3 

Upper arm length 327.9 Lower arm length 261.9 

Thigh length 460.8 Shank length 359.7 

Elbow-fist length 320.0 Shoulder width 381.0 

ASIS height 883.5 
  

 

Table 1. Standard measurements of  Korean male of  60-69 years old [unit: mm, kg] 

 

The height, weight and the length of  body segments are applied to generate 

the human model, and the elbow-fist length and shoulder width are used for the 

reference dimensions to determine the device handle position. The anterior superior 

iliac spine (ASIS) height is used to discern the upright posture of  a person. The 

measurement guideline for the elbow-fist length, shoulder width, and ASIS height that 

was discussed in [60] is illustrated in Fig. 18.  
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Fig. 18. Guidelines for measuring the human size [60] 

  



30 

4.2. Human model generation 

A digital human model is generated using human dynamics simulation 

software—the AnyBody Modelling System (AMS) (AnyBody Technology A/S, 

Aalborg, Denmark) [61]. The AMS is a script-based multi-body inverse dynamics 

simulator that includes a skeletal human model with joint muscles and a 

musculoskeletal human model with linear and Hill-type muscles [62]. The joint 

torques or the muscle activations of  the human model can be estimated using an 

optimization with the inverse dynamics method. This simulator enables the 

construction of  various products or environmental settings that interact with the 

human model. 

A target group model is generated by scaling the AMS human model. The 

implemented human model in the AMS consists of  a 50-percentile European male 

model, which is scaled using the standard data for the Korean male of  60-69 years old 

detailed in Table 1. The standard model of  the AMS and the standard model of  the 

target group are illustrated in Fig. 19. 

 

 

Fig. 19. Standard human model in the AMS (left) and the scaled model (right) 
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5. Study 1: Parameter study of  the handle and 

tilting angle  

 

5.1. Problem statement 

The purpose of  this parameter study is as follows: 1) to obtain the design 

parameter for the contact environment between the human user and the device 

product and 2) to identify the effectiveness of  tilting the device prior to seat-off. The 

knee joint moments are observed, and the optimal design variables are determined 

when minimum joint moments are obtained.  

The parameters, constraints and motion drivers for the parameter study are 

illustrated in Fig. 20.  

 

 

Fig. 20. Parameters, constraints, and drivers for the parameter study 
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Parameters: The handle positions in the anterior-posterior axis (A-P axis) 

and the medial-lateral axis (M-L axis) (Fig. 21) and the maximum tilting angle of  the 

upper plate (Fig. 22).  

The handle positions in the two axes are determined relative to the scale of  

the target human group for the parameter study. In the A-P axis direction, the distance 

from the user to the handles is considered: location at 120%, 100% and 80% of  the 

elbow-fist distance. In the M-L axis direction, the distance between the right and left 

handles are specified: positions at 130%, 100% and 70% of  the shoulder width of  the 

target group. The elbow position on the upper plate is placed at the position in which 

the subject is comfortable with the elbows naturally located when a person is erect. 

The maximum tilting angles of  the upper plate of  0 degrees, 5 degrees and 10 degrees 

are considered. The moment of  the maximum tilting angle for the assisted STS 

motion is followed by the seat-off, and the half  of  the maximum angle is sustained 

during the rising motion after the seat-off, as described in Chapter 3.1. 

 

The constraints and the driving conditions reflect the actual human rising 

motion with the assistive device. 

Constraints: 1) The contact condition of  the lower arms and hands to the 

upper plate and its handles and 2) the contact between the ground and the feet.  

Driving motion: 1) The trajectory of  the upper plate, 2) the pelvis motion 

trajectory, and 3) the trunk flexion motion. 

The primary driving motion for the STS motion is provided by the assistive 

robot, and the predefined motion of  the upper plate is considered as a motion driver. 

In addition, the pelvis motion and the trunk flexion are used for extra motion drivers 

to solve the problem of  Issue 1.   
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Fig. 21. Handle position in the A-P and M-L axes 

 

 

 

Fig. 22. The maximum tilting angle of  the upper plate 
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The process of  the parameter study is shown in Fig. 23. A human-product 

integrated analysis model is generated using the product modeling data and the scaled 

human model described in the previous chapter. A motion capture experiment is 

performed for each parameter configuration to acquire the human motion drivers that 

are applied to each corresponding analysis model. In addition, the reaction forces 

during STS motion are estimated with virtual muscle models to solve Issue 2. The 

measured reaction forces are used to validate the simulation model. Analysis model 

generation and experiments are simultaneously executed because they are mutually 

complementary. An integrated simulation with a human skeletal model, the constraints 

and driving conditions are utilized for each parameter case.   

 

 

 

Fig. 23. Process of  parameter study 
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5.2. Motion capture experiment 

The purpose of  the motion capture experiment in this study is 1) to acquire 

the pelvis trajectory, the trunk flexion motion and the device motion to apply to the 

simulation model and 2) to retrieve the GRF and the chair reaction force (CRF) to 

validate the analysis model. 

 

5.2.1. Subject for the experiment 

A 30-year-old male adult, who has a similar scale to the standard human scale 

of  Korean male of  60-69 years old, participated in the motion capture experiment. 

Although the target for the study is the group of  60-69 years old, a 30-year-old subject 

was selected for the experiment because this study focuses not only on the muscle 

activations but also on the joint moment, which is primarily affected by the 

anthropometry of  the subject. The anthropometry data of  the subject are shown in 

Table 2. 

 

 
Subject (30 years) Standard (60-69 years) 

Height 1654 1645.8 

Weight 57.4 66.4 

ASIS height 940 883.5 

Elbow-fist length 320 319.6 

Shoulder width 395 381.1 

 

Table 2. Scale of  the subject [unit: mm, kg] 

 

5.2.2. Experimental settings 

Prior to the parameter study, the handle positions of  the device were 
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determined at the locations in Fig. 12; the distance between the handles was 

approximately 130% of  the shoulder width, and the distance from the human body 

was approximately 120% of  the elbow-fist length. A guide plate was designed to 

provide different handle positions for the subject (Fig. 24). The designed guide plate 

was placed on the upper plate, and the movable handles were applied for each 

applicable handle variable (Fig. 25 and Fig. 26).  

Eight infrared cameras (VICON, Oxford, UK) were employed for the motion 

analysis. Three force plates (AMTI, Watertown, MA, USA) were used to measure the 

external forces exerted on the human body. Two force plates were installed on the 

ground for the GRFs, and a third force plate was installed on the chair to measure the 

reaction force between the buttocks and the chair on which the subjects rested. The 

STS assistance device was plated on the ground, and the front wheels of  the robots 

were secured to prevent the device from interfering with the force platforms on the 

ground and the chair. The experimental settings including the guide plate, the 

assistance device, and the force platforms are illustrated in Fig. 26. 

 

 

Fig. 24. A guide plate for the parameter study experiment 
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Fig. 25. A guide plate installed on the upper plate 

 
 
 
 
 

 
Fig. 26. Experiment settings 
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5.2.3. Motion experiment 

Before the motion experiment, the initial conditions and the final conditions 

for the human and device posture were determined. The elbow position was 

determined while the subject was in a standing posture. The reference standing 

posture is illustrated in Fig. 27 (a). The feet were positioned on the force plate on the 

ground, and the subject stood and naturally held the handles with his hands. 

Simultaneously, the arms became naturally placed on the upper plate of  the assistive 

device, which was fully raised. The elbow positions were sustained at the same 

position during a cycle of  STS motion. After decreasing the height of  the device, the 

subject sat on the chair. The foot position remained the same as the standing position, 

and the dorsiflexion angle at the ankle joint ranged from 15–20 degrees for the initial 

condition of  STS motion. The remaining reference positions are shown in Fig. 27 (b).  

After the participant was informed that the device was ready, the operator 

initiated the apparatus, and the subject practiced rising from a sitting position in a 

coordinate with a walker motion. As the motion of  the robot ended, the participant 

finished the rising motion with his timing. The final posture of  the rising motion is 

equivalent to the reference standing posture in Fig. 27 (a). The subjects executed the 

STS motion three times for one condition of  the parameter variances. After three 

trials with a parameter setting, another combination of  the handle position in the A-P 

axis and the M-L axis and the maximum tilting angle of  the upper plate were applied. 

Forty-five executions of  the STS motion were recorded, which included 5 handle 

positions (illustrated with black circles in Fig. 21), 3 tilting angles (Fig. 22), and 3 trials 

for each case.  

Reflective markers were attached to the subjects based on the Plug-in-Gait 

marker set and to the extinguishing features of  the upper plate. Schematics of  the 

motion experiment are shown in Fig. 3 of  Chapter 1. 
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(a) The reference standing posture and the final conditions 

 

 

(b) The initial condition 
 

Fig. 27. The initial and final conditions in the experiment 
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5.3. Analysis model creation 

The human model generated in Chapter 4.2 was combined with the upper 

plate model of  the STS assistive device and its driving conditions. The human-product 

integrated model with the contact constraints and the motion drivers are illustrated in 

Fig. 28. 

 

 

 

Fig. 28. Simulation model from the experiment 

Yellow: Contact constraints, Black/White: Motion drivers 
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5.3.1. Kinematic constraints 

 The joint kinematics of  the simulation model can be selected by providing 

the kinematic constraints of  the contacts and the drivers. The integrated simulation 

model reflects two constraints of  human-product contacts, a device motion driver, 

and two human motion drivers, which are explained in Chapter 5.1.  

 

The contact conditions that define the physical interface between the user and 

the device are applied to the upper limbs and the feet of  the analysis model. For the 

upper extremities, two contact conditions were considered as constraints:  

1) The hands should hold the handles. 

 x    = xhandle	, x    ̇ = xhandlė , x    ̈ = xhandle	̈  (1) 

2) The lower arms should maintain contact with the upper plate without 

moving. 

 x     = xplate	, x     ̇ = xplatė , x     ̈ = xplatë (2) 

The feet should be placed at the same position during the STS maneuver; 

therefore, the feet segments should be attached to the global coordinate system (GCS).  

 x    = xREF	, x    ̇ =	 x    ̈ = 0 (3) 

 

A driver at the upper plate is caused by the rising motion of  the assistive 

device. The device driver data from the experiment were collected and averaged for 

every tilting angle condition; thus, each tilting angle condition has its own driving 

trajectory that is applied to the corresponding simulation model (Fig. 29). The 

position and orientation of  the upper plate model in the simulation model were 

defined with respect to the CGS. 
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Fig. 29. The device driving trajectories for each tilting angle configuration 

 

 

Fig. 30. Simplified upper plate model applied in the simulation model 
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The upper plate of  the assistive device and the guide plate placed on the 

upper plate are assumed to be combined and abstracted as a plate model, as shown in 

Fig. 30. The thickness of  the model is 70 mm, and the mass of  the model is 5 kg. The 

moment of  inertia of  this model is  

     ,    ,     = mass ∗ [0.114810, 0.023685, 0.014105] (kg·m2) (4) 

 

As mentioned with Issue 1, inducing the STS motion of  the total simulation 

model by only applying the device driving trajectory is not feasible because the pelvis 

segment is the base to create a digital human model. Digital human models usually 

have a hierarchy structure that extends from the pelvis segment to the trunk and limb 

segments [61], [63], [64]. Therefore, translation or rotation of  a limb segment, which is 

a distal part, cannot determine the posture of  the pelvis and the trunk segment. To 

reflect the pelvis motion and accompanied motion of  the human limbs, Rasmussen et 

al. [65] exploited the trajectory of  the Tuber Ischiadicum Center, which is the 

midpoint between the two landmark points of  the posterior superior iliac spine (PSIS), 

which is extracted from the motion capture data (Fig. 31) and explains why the pelvis 

trajectory is extracted from the motion capture experiment. The midpoint of  the right 

PSIS (RPSIS of  the Plug-in-Gait marker set) and the left PSIS (LPSIS) from the STS 

motion data was acquired, and the motion trajectory of  this point was applied to the 

rising motion simulation as a driver for the pelvis (Fig. 32). The initial pelvis position 

in every motion experiment trial is identical; thus, the initial position of  each trajectory 

was translated to the same point for the simulation.  
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Fig. 31. Application of  the pelvis trajectory [65] (left) and its position (right)  

 

 

 

 

Fig. 32. Pelvis trajectory application for STS motion 
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The last driving condition for the human motion is the trunk flexion motion. 

Because the human model has redundancy beyond the DOF, the trunk motion cannot 

be completely determined; however, the device motion trajectory and the pelvis 

trajectory determine the motion of  the lower arms and the pelvis, respectively. This 

issue comprises another aspect of  Issue 1. Therefore, an extra human motion driver 

was also applied to the simulation model for the trunk motion using the motion 

capture data. The trunk flexion motion is defined from the trunk displacement (  ), 

which is the displacement of  the clavicle (CLAV) with respect to the PSIS position on 

the pelvis segment in the A-P axis direction (Fig. 33).  

   =      −       (5) 

 The reference posture is defined by a zero flexion angle of  the trunk 

segment. The reference trunk displacement (  , ) is the trunk displacement at the 

reference posture. 

 

 

Fig. 33. Trunk displacement for the motion driver  
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5.3.2. Estimation of  reaction forces 

After the kinematic constraints that were explained in the last chapter are 

implemented, the STS movement of  the human model with assistive device motion 

can be generated. However, a dynamics analysis is impossible without employing 

proper dynamic conditions because the simulation model does not contain any 

measured inputs of  the external forces or the reaction forces (Issue 2). In this step, 

the dynamics contact elements are added to the physical interfaces to describe the 

reaction force at the physical interface and the joint dynamics of  the human model. 

Given the kinematic conditions and masses of  the model segments, the 

reaction force can be solved using Newton-Euler methods (Fig. 34).  

     , =   ,   −   +     (6) 

     , =   ,   −    ×   ,    +      ×     ,  +     + (  ×     ) (7) 

 

 

Fig. 34. A segment model for the inverse dynamics method 

 

 In a similar manner, the reaction force between a human segment and an 

environment model can be estimated. In the AMS, the reaction force between two 

segments is acquired by inserting the linear muscle element between the segments. 
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Reaction forces such as the GRF or the CRF can be estimated by creating virtual 

muscle elements between the body segment and the external element. The virtual 

muscle enables the estimation of  the reaction force when measured reaction force 

data are not available (Fig. 35).  

 

 

Fig. 35. Incomplete inverse dynamics with measured reaction forces 

 

A virtual muscle is established as a conditional contact at the physical 

interface where the physical contact conditionally exists. Conditional contact indicates 

the installation of  a virtual muscle, in which the strength changes based on the 

distance of  the adjacent two segments [66]. Assuming that two segments gain or lose 

their contact by a change in the segment kinematics, the reaction force between these 

segments also exists or does not correspond with the segment kinematics. A virtual 

muscle with conditional contact is applicable at this interface in which the contact and 

the reaction force are changed by the variation in the kinematics. An example of  a 

conditional contact is the foot-ground contact during gait motion in Fig. 36. When a 

foot does not contact the ground surface, no contact arises without any reaction force. 
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In contrast, a large amount of  GRF is generated when the foot contacts the ground.  

This conditional contact was established in the chair environment in this 

study because contact is only maintained prior to seat-off. Therefore, the CRF is 

observed when a person sits on the chair. The CRF measured from the force platform 

on the chair typically acquires one vector of  reaction force with a magnitude in the 

defined area. In other words, the reaction between the chair and the several body 

segments that have contact with the chair is summed to one net force vector. In the 

actual motion, each reaction force of  the body segments (i.e., the right thigh, the left 

thigh, and the pelvis model) is exerted differently from the chair as illustrated in Fig. 

37. The separation of  the thigh from the chair does not occur immediately due to the 

shape of  the thigh and its gradual separation from the chair. A successive separation 

in the thigh and the pelvis model should be implemented in the simulation model. In 

this study, a fine conditional contact environment is applied in the thigh and the pelvis 

segment, which consists of  3 groups of  40 conditional contacts per thigh model and 2 

groups of  45 contacts in the pelvis model (Fig. 38). Fig. 39 shows the effects of  fine 

conditional contact; the CRF increases and decreases abruptly during coarse 

conditional contact (Fig. 39, top), and the fine conditional contact depicted in Fig. 38 

shows a gradual increase of  CRF at seat-off  (Fig. 39, bottom). 

 

 

Fig. 36. Conditional contact in gait motion 
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Fig. 37. Conditional contact for STS motion 

 

 

 

Fig. 38. Conditional contact applied to the simulation model 
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Fig. 39. CRF for coarse (top) and fine (bottom) conditional contact 

 

 

 

Fig. 40. Determining the strength of  virtual muscles 
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Estimation of  the reaction force is possible in this study by iteratively 

updating the muscle strength of  a virtual muscle model. As mentioned in Chapter 3.2, 

the inverse dynamics method in this study is not complete because the measured force 

data are not applicable. Thus, the GRF and the reaction force at the elbow are 

estimated using virtual muscles, updating their muscle strength and comparing the 

estimated GRF with the measured GRF (Fig. 40).  

 

When a person flexes his trunk into the upper plate of  the supportive device, 

the reaction on the upper plate increases because additional body weight of  the user 

leans on the plate and the supportive force from the robot is increased. The GRF 

simultaneously decreased due to the increased reaction on the upper limbs. Updating 

the muscle strength by comparing the GRFs with these facts, the muscle strength of  

the virtual muscle at the elbow interface (  ) and the foot interface (  ) are acquired 

as follows:  

   =   1 +  (      −   ,      ) 
 
=   1 +  ∆       

 
 (8) 

   =   
1

1 +  (      −   ,      )
 

 

=   
1

1 +  ∆      
 

 

 (9) 

 ∆  =   −   ,  (10) 

 
      =

  
  , 

 (11) 

        is the normalized trunk displacement divided by the reference trunk 

displacement   , , in which the trunk segment has a 0 degree flexion angle and        

is a function of  time. The muscle strength at the elbow interface and the foot interface 

are determined by the change in the trunk displacement, as described by the previous 

equations. An example of  the estimated and the measure reactions within a valid error 
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rate is illustrated in Fig. 41. The details of  these graphs are explained in terms of  the 

validation in the next chapter. 

 

 

 

Fig. 41. The estimated and the measured CRF (top) and GRF (bottom) 
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5.4. Validation of  the model 

Fig. 41 shows that the created simulation model has a valid estimated value of  

GRF and CRF. To quantify the error between the measured and the estimated value, 

Lund et al. [67] presented a validation method to compare the measured value with 

the computed value; the results have a phase and magnitude variance. This method 

was presented by Geers [68] and improved by Sprague and Geers [69] to acquire 

errors for periodic functions. 
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  −   
  ( )   
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  −   
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− 1,  =
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cos  

   

       
 (15) 

  =    +    (16) 

 ( ) and  ( ) are the measure history and the computed history for a 

phenomenon, respectively, and their time-domain integration are exploited for 

acquiring the magnitude error  , the phase error  , and the comprehensive error  .  

An example of  the simulated CRF and the GRF in Fig. 41 was compared with 

the measured data using this validation method. The CRF errors were M = 1.29%, P 

= 7.73%, and C = 7.84%; the GRF errors were M = 0.04%, P = 3.78%, and C = 

3.80%. Considering all cases, the CRF errors were M = 7.66%, P = 8.02%, and C = 

12.50%; the GRF errors were M = 15.43%, P = 6.80%, and C = 17.16%. 
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5.5. Results 

Forty-five trials of  motion experiments were executed, and 44 valid sets of  

simulation results were retrieved. A data set from the last trial was abandoned due to a 

combination of  device operation error, motion data error and consequent simulation 

malfunction. The case codes for the experimental and simulation results are described 

in Fig. 42. 

 

 

Fig. 42. Case code description 

 

 

5.5.1. Pelvis trajectory 

The pelvis trajectories comprise the results of  the motion capture experiments. 

The plots in Fig. 43 are created to compare the effects of  the tilting angle of  the 

upper plate on the pelvis trajectories. Each plot is composed of  three graphs for the 

three trials.  
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Fig. 43. Pelvis trajectories for tilting angles of  0/5/10 degrees 

(130% shoulder width and 120% elbow-fist distance) 
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The pelvis trajectory is not significantly affected by the variation in the tilting 

angle. All pelvis trajectories show small movements at the end of  the STS motion, 

which indicates that the pelvis and the body’s COM are stabilizing within an erect 

posture. Sometimes an anterior translation of  the pelvis to complete a rising motion is 

observed at the end of  the motion after the device operation has ended. Those 

movements, which are shown in the last part of  the graphs, are not meaningful for the 

trajectory analysis because the stabilization does not affect the knee joint moment. 

 

5.5.2. Reaction forces 

Fig. 44 indicates the reaction forces on the chair, the ground, and the upper 

plate (at the elbow) during the STS movement with device assistance for one 

parameter condition (trial: cca02).  

When a subject sits on a chair, the chair supports the majority of  the body 

weight and the reaction on the foot and at the elbow have minimal value. However, as 

trunk translation begins, the chair reaction force substantially decreased. When 

separately observing the CRFs at the pelvis and the thigh, the reaction at the pelvis 

segment becomes zero earlier because it is lifted faster than the thighs and the reaction 

force at the thigh becomes zero at seat-off. While CRF declines, the reaction at the 

elbow and the foot increases. The increase in the elbow reaction is involved with trunk 

flexion. The rate of  increase of  the GRF increases until seat-off. 

After seat-off, the slope of  the GRF declines, but the reaction force continues 

to increase until the standing posture is completed. The elbow reaction remains at the 

same level or slightly increases while the trunk flexion angle achieves its maximum 

range after seat-off; it decreases while the trunk begins to extend the body. The 

decreased elbow reaction reflects the increase in the GRF because the person attempts 

to stand as the subject almost achieves a standing posture.  
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Fig. 44. Reaction forces during assisted-STS motion (dashed line: seat-off) 
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5.5.3. Knee joint moment  

The knee joint moment acquired by the simulation from the same experiment 

condition, as shown in the previous chapter (trial: cca02), is illustrated in Fig. 45. The 

knee moment achieves its peak at seat-off  at 21.7% of  normalized time in this case.  

The knee joint moment achieves its peak at seat-off  because the supportive 

force on the chair disappears when releasing the contact between the buttocks and the 

chair. The moment slightly decreases or sustains a value that is similar to seat-off. A 

small increase in the knee moment is sometimes observed at approximately 60–80% 

of  the normalized timeline because the user attempts to stand when the rising motion 

is almost completed; the support from the upper plate to the elbow decreases, and the 

GRF increases to 80–90% percent of  body weight. If  an assistive device can provide 

substantial support at seat-off  when the largest moment is exerted during a normal 

STS, a large increase in knee joint caused by the user may be observed at the end of  

the STS motion, as shown in Fig. 45. 

 

 

 
Fig. 45. Knee joint moment during assisted-STS motion (dashed line: seat-off) 
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5.5.4. Optimal handle position and tilting angle 

The peak extension moments of  the knee joint at seat-off  for the parameter 

conditions are depicted in Fig. 46. Average values of  the knee peak moment for each 

condition are illustrated in Fig. 47. The results indicate that the minimum peak knee 

moment is obtained at the ‘bb’ position of  the handles, the 100% width of  the user’s 

shoulder and 100% of  the user’s elbow-fist distance, as shown in Fig. 48.  

 

 

 

Fig. 46. The peak knee extension moment for the parameter conditions 

(The case codes in this figure are the first two alphabet letters, as explained in Fig. 42) 
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Fig. 47. The average of  the peak knee moment for the parameter conditions 

 

 

 

Fig. 48. The optimal handle position and tilting angle 

 

 

Fig. 46 and Fig. 47 indicate that the peak knee moment is larger when the 

handles are closer to the body when the walker upper plate is not tilted. However, the 

tendency of  the peak knee moment is reversed in device tilting cases with a higher 

moment at the distal positions. The relationship between the distance between the 

handles and the knee moment is hard to generalize because the maximum knee 

moment tendency varies at different tilting settings. 
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5.6. Discussion 

 

5.6.1. Parameter study for the design of  an STS assistive device 

This study suggested a method to determine the optimal design parameters for 

an assistive device for STS motion. The design parameters selected in this parameter 

study are highly related to the contact conditions between the human user and the 

operated device. Due to the driving motion of  the interface constraints—the position 

and orientation of  the human limbs and distal parts—these parameters should be 

carefully selected by considering the effectiveness of  the apparatus and the safety of  

the user.  

For the parameter study, the handle positions in the A-P axis and the M-L axis 

and the maximum tilting angle of  the upper plate were selected. The parameter values 

were determined with respect to the scale of  the human user: the distance between 

the handles for the shoulder width and the handle position in the A-P axis for the 

elbow-fist distance. Tilting the device at a certain angle helps the user to naturally flex 

his/her trunk; the maximum tilting angle of  the device occurs prior to the moment of  

maximum trunk flexion and seat-off, the moment when the buttock leaves the chair. 

The contact constraints between the upper plate and the lower arm and between the 

ground and the feet were considered.  

To drive the device model, the upper plate trajectory was applied to the 

simulation model. The pelvis motion and the trunk flexion motion were also provided 

as drivers of  human motion because driving the device trajectory does not determine 

the posture of  the entire human body, particularly the pelvis and the trunk. It can only 

affect the lower arms, which were attached to the device. The pelvis motion was 

essential for creating human motion in the analysis model. The suggestion of  a pelvis 

trajectory facilitated implementation of  body movement. The trunk flexion motion 
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was required to determine the proper leaning motion. All driving motions are 

extracted from the motion capture experiment. 

 Virtual muscles with conditional contact and changeable muscle strength 

values were used to create a dynamic environment for the physical interface. Using 

conditional contact muscles, calculation of  the reaction force between the buttocks 

and the chair was possible. Fine conditional contact elements enabled the precise 

reduction of  the CRF. Although the lack of  the measured reaction force hindered the 

inverse dynamics methods, an estimation of  the reaction force was possible using the 

virtual muscles. The reaction that was solved using the Newton-Euler method was 

updated by iterating the muscle strength of  the virtual muscles. 

 

5.6.2. Design parameters and knee joint moment 

The optimal design parameters for the handle position and the maximum tilting 

angle of  the upper deck on the STS assistive device was obtained using a parameter 

study of  the human-product integrated analysis method. The optimal design 

parameters were determined by minimizing the knee peak moment, which is the key 

motion factor for the STS motion. The results indicated that the optimal handle 

position was located on the elbow-fist distance and that the width between the 

handles should be the identical to the shoulder width.  

The handle position and the tilting angle of  the upper plate affect the knee 

joint moment while a human is rising with assistance from the device. How the handle 

position influences the lower limbs joint moment is not clear because the peak knee 

moments according to the handle positions vary for different tilting angle settings, as 

illustrated in Fig. 47. The maximum knee moment at the 0 degree tilting angle tends to 

decrease at the handle position that is farthest from the body. As the hand position is 

anterior and far from the body, the point of  reaction extends farther from the body, 
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and the moment arm of  the reaction force increases. Simultaneously, the trunk tends 

to lean on the walker and the reaction from the device increases, which indicates that 

the support force and moment from the device increase. When the upper plate is 

tilted, the joint moment increases when the handles are located far from the body. A 

similar phenomenon regarding the reaction at the 0 degree tilting angle case also 

occurs for the tilted cases, but the device does not provide sufficient support force to 

the human body in these cases because the motion directions of  the device and the 

human body are equivalent. The measured reaction force between the elbow and the 

upper plate reveals that the vertical force from the upper plate in the tilting operation 

settings is similar to or lower than the vertical force in the non-tilted cases (Fig. 49).  

 

 

Fig. 49. Vertical reaction force between the upper plate and the elbow 

 

In addition, the handle position in the M-L axis is indescribable with higher 

knee moment at the medial position when tilting 0 degrees, at the lateral position 

when tilting 5 degrees, and at the medial position when tilting 10 degrees. 

Tilting the device did not lessen the joint dynamics during the assisted STS 

motion. The peak knee extension moment was increased when the device was inclined. 

The tiling motion of  the assistive robot guides the user to move the trunk forward 
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and flex it. However, this guidance can help a user stabilize the COM during STS 

motion because it suggests a wider base of  support [17]; however, it may not reduce 

the joint moment in the lower limbs..  

 

5.6.3. Handle position vs. trunk flexion vs. knee joint moment 

Trunk flexion is another human factor used to determine the support power 

and the device design parameters. A larger trunk flexion angle usually causes the 

human body to rely on the device; thus, the knee joint moment decreases. Differences 

in the knee peak joint moment by various handle locations may indicate that the 

handle position determines the trunk posture.  

The maximum trunk displacement at each parameter configuration is illustrated 

in Fig. 50, and the Pearson product-moment correlation coefficients and the p-value 

between the maximum trunk displacement and the peak knee moment is obtained, as 

shown in Fig. 51. 

The Pearson product-moment correlation coefficient is calculated as follows: 

 
 =

∑ (  −  )̅(  −   ) 
   

 ∑ (  −  )̅ ∑ (  −   )  
   

 
   

 (17) 

 

 

Fig. 50. The average maximum trunk displacement for the parameter conditions 
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Fig. 51. Pearson correlation between the trunk displacement and the knee moment 

 

The trunk displacement and the knee joint moment have a positive correlation 

because r=0.5359 and p<0.0002; both elements tend to increase when increasing the 

tilting angle (Fig. 47 and Fig. 50). However, when the correlation is specifically 

analyzed for each tilting angle configuration, different aspects are revealed for each 

tilting angle setting; r=-0.0448, p<1.0 at the 0 degree setting; r=0.1371, p=0.6262 at 

the 5 degree setting; and r=0.5282 p<0.06 at the 10 degree setting (Fig. 52). These 

results indicate that the trunk displacement and the knee moment only have a positive 

correlation at the 10 degree tilting angle. At the other two configurations, they exhibit 

neither a positive nor negative correlation because |r|<0.2 and p>0.1. 

The optimal handle posture for all tilting angle settings is the ‘bb’ setting with 

100% shoulder width and 100% fist-elbow distance. This handle position resulted in 

small values for both the trunk displacement and the knee moment. To predict the 

relationship of  the handle position to the trunk displacement and the knee moment, 

the Pearson correlation at the remaining 4 handle positions are retrieved excluding the 

data for the optimal handle position (Fig. 53). 
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Fig. 52. Pearson correlation for each tilting angle setting 
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Fig. 53. Pearson correlation excluding the optimal handle position setting 
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Excluding the optimal handle position configuration, the correlation factors 

assume more meaningful values; the trunk displacement and the knee moment exhibit 

a weak negative correlation (r=-0.3384, p<0.3) at a 0 degree titling angle and a 

moderate negative correlation (r=-0.6703, p<0.02) at a 5 degree titling angle. The 10 

degree tilting angle configuration shows a decrease in the correlation factor and an 

increase in the p-value (r=0.4545, p<0.2). This finding indicates that the 10 degree 

tilting angle setting has a very strong positive correlation when the optimal handle 

position ‘bb’ is included. 

The knee moment increases when the trunk flexes. However, this positive 

correlation is only significant when the upper plate of  the device tilts to 10 degrees. 

The opposite tendency is noted at the remaining tilting settings; as the trunk flexes, 

the knee joint moment increases less. This finding is also noticeable by comparing the 

plots of  Fig. 47 with Fig. 50. 

Considering the general characteristics about the handle position and its effects 

on the knee joint moment, the sample numbers described in this research are 

insufficient; only 5 positions of  handle were analyzed. An explicit explanation of  the 

relationship would be possible with testing and analysis of  detailed settings of  the 

handle position.  

Another possible approach for determining the relationship is to 

simultaneously consider the elbow position. When an STS motion is achieved with the 

assistive device, the majority of  the reaction force from the upper plate is exerted at 

the elbow position. However, people tend to select the elbow position based on 

individual preference. The elbow is not firmly fixed to the upper plate. This factor can 

also be regarded as important, although the handle position suggests a certain rule for 

the physical interface. Because the elbow positions can change during motion, they 

were controlled in the experiment. However, the actual elbow positions were not 
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identical to the control because people tend to select their preferred elbow position 

during a motion experiment. Therefore, the elbow position is also considered as a 

parameter to acquire a more meaningful relationship between the physical interface 

design setting and the dynamics of  the lower limbs. 

 

5.6.4. Hip joint moment 

This study also acquired the hip joint moment during the assisted STS motion, 

which is not discussed in previous chapters. Compared with the fact that the knee 

extension moment reflected the actual motional dynamics described in the literature 

[15], [70], the estimated hip joint moments graphs revealed a decrease in the extension 

moment after its peak at the moment prior to seat-off  (Fig. 54). Sometimes an extra 

peak moment was shown at approximately 70% of  the normalized timeline, as 

observed in the knee moment. The reasons for the second extra peak in the hip 

moment are the same as those for the knee moment: a reduced elbow reaction force 

and increased GRF as the rising motion is almost completed and the human user 

prepares to stand erect.  

 

Fig. 54. Hip joint moment during assisted-STS motion (dashed line: seat-off)  
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6. Study 2: Trajectory optimization 

 

6.1. Problem statement 

The objective of  the trajectory optimization in the assisted-STS condition with 

the assistance device is to determine the optimal device position at the seat-off  

posture and the optimal device operation trajectory during the remainder of  the rising 

motion. The knee joint moment is considered to be minimized for the assisted STS 

motion. 

   

Parameters: The upper plate position of  the STS assistive device in the 

direction of  the anterior-posterior axis (A-P axis, x) and the superior-inferior axis (S-I 

axis, y), as illustrated in Fig. 55.  

The assistive device provides a supporting force to the human user at the 

physical interface between the device and the user and the handle and the upper plate. 

The majority of  the reaction force between the device and the human arm is exerted 

at the position where the elbow contacts the upper plate. The control of  the actuators 

provides proper position/force coordination for the upper plate to support human 

movement by providing supportive force/moment to the user. 

 

The constraints and drivers for this simulation are similar to the constraints and 

drivers that were established in Study 1 in Chapter 5.1.  

Constraints: 1) The contact condition of  the lower arms and hands to the 

upper plate and its handles and 2) the contact between the ground and the feet. 

Driving motion: The pelvis motion trajectory. 

In contrast to the driving motion applied in Study 1, the position information 
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of  the upper plate is not included in Study 2 because the goal is trajectory 

optimization. In addition, trunk flexion is not considered as a driving motion for this 

study. As described in Issue 2 in Chapter 3.2, trunk flexion is caused by the 

redundancy in the human-product integrated model to be solved; it cannot be 

randomly specified because this parameter may affect the knee joint moment during 

the motion. Therefore, the parameter related to the trunk flexion is defined and 

determined by the optimization in Study 2.  

 

 

Fig. 55. Determining the upper plate position of  the assistive device 

 

The process of  the trajectory optimization study is specified in Fig. 56. Process 

for the trajectory optimization studyFig. 56. The integration information between the 

human and the product and the pelvis trajectory information, which were utilized in 

the parameter study, are also applied to this optimization study. The design parameters 

that were determined in Study 1 are reflected in the optimization simulation model. 

The objective function and the constraints are determined based on the kinematic and 

kinetic properties from the human-product integrated optimization model. An 

optimization is processed with the suggested objective function and constraints. 
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Because this operation uses the static inverse dynamics method, as detailed in Chapter 

3.3, a series of  postures during the motion are analyzed until the rising motion is 

completed. The obtained device postures at given time steps are connected and fitted 

to a curve for application to the actual assistive device. A motion experiment is 

executed to validate the effectiveness of  the proposed driving trajectory.  

 

 

 

 

 
 

Fig. 56. Process for the trajectory optimization study 
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6.2. Assumptions 

 

6.2.1. Range of  interest in STS motion 

To minimize the maximum knee joint moment, the timing of  the peak value in 

the knee moment should be specified. The peak knee joint moment is usually 

observed at the seat-off  moment or immediately after seat-off  [15], [44], [70], [71] (Fig. 

57). When the buttocks and the thigh leave the chair at seat-off, the human body 

translates the body COM by moving the trunk forward. The trunk flexion attempts to 

move the body COM over the BOS, and the position of  the body COM is usually on 

the heel position or behind it, whereas the center of  force (COF) is located within the 

foot [14], [41], [42] (Fig. 58). During the trunk translation motion, the lower limbs do 

not contribute to the motion of  STS because the buttocks remain on the chair, 

whereas the knee moment increases suddenly prior to seat-off  by lessening the 

contact area between the buttocks and the chair. Because the primary interest of  the 

study is to lessen the maximum knee moment, the range of  interest begins at “the 

moment of  the seat-off ” [72].  

Assumption 1: The peak knee moment occurs at seat-off. 

 

The results of  the investigation of  the pelvis trajectory from assisted STS 

motion data in Chapter 5.2 reveal that seat-off  occurs on average at 19.9% of  the total 

duration time of  STS motion with the assistive device (Fig. 59). The pelvis trajectory 

also shows that the translation in the superior direction is not observed after 85% of  

the total duration. Instead, horizontal movements with small distances are detected in 

the A-P axis in the same period. This period is referred to as a “stabilizing phase”, 

which is a finalizing period to balance the body COM [8], [11]. Actual rising motion is 

completed when the stabilizing phase begins. Therefore, the range of  interest for the 
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study is determined from seat-off  to the moment that the rising motion is completed. 

The time range for the interest is denoted by the yellow box in Fig. 57. 

Assumption 2: The range of  interest begins at seat-off  and finishes when the 

moment of  rising is completed and the stabilizing phase begins. 

Assumption 3: Seat-off  occurs at 20% and rising is completed at 85% of  the 

total duration of  the supported STS. 

 

 

Fig. 57. Knee torque during STS motion [70] and the range of  interest 

 

 

Fig. 58. Location of  COM and COF at seat-off 
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Fig. 59. Pelvis trajectory of  supported STS motion and its phase analysis 

 

6.2.2. Pelvis and trunk motion during STS motion 

Without defining the motion of  the pelvis segment and the trunk segment, STS 

motion with the assistive device cannot be determined by the position and orientation 

of  the upper and the lower limbs because the pelvis and the trunk are located at the 

highest ranks in the hierarchy structure of  the digital human model [61], [63], [64]. 

This problem was noted in Issue 1 and addressed by adapting driving constraints to 

the human simulation model with the pelvis trajectory and the trunk displacement 

trajectory in Study 1.  

 

The location and the orientation of  the pelvis segment for the optimization 

simulation model can be specified by the pelvis trajectory, which was obtained from 

motion experiments with the device in Chapter 5.2. According to Chapter 5.5.1, the 

pelvis trajectory of  the assisted STS motion was not significantly affected by changing 

the device motion configuration. The pelvis posture at each specific moment of  the 
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STS motion timeline is similar if  the posture is observed at the same moment of  

rising motion using the same suggested assistive device but with a different device 

configuration. Thus, the pelvis trajectory at each moment of  the normalized timeline 

of  supported STS motion is identical regardless of  the condition that is applied to the 

assistive device. 

Assumption 4: The pelvis trajectory over the normalized timeline of  the 

motion is identical regardless of  the device driving settings. 

 

Trunk flexion is related to the knee joint moment during STS motion. Generally, 

trunk flexion helps STS motion by providing a horizontal momentum to the body’s 

COM, which is transferred to a vertical moment by generating uprising velocity and 

acceleration [14], [17]. This principle, which is usually applicable in rapid STS motion, 

was defined as the “momentum transfer strategy” in Chapter 2.1. In a slow-rising 

model, such as the assisted STS motion in this study, the trunk flexion affects the knee 

joint by differing the body’s COM position relative to the COF. Trunk flexion causes 

the body’s COM, which is usually located behind the COF at seat-off, to move 

forward. Conversely, people with weak legs tend to coincide their body’s COM with 

the COF position through a large flexion of  their trunk [17]. This “stabilizing strategy” 

is also applicable to the device-assisted rising motion. When the trunk flexes 

excessively and the COM moves forward, a higher joint moment is required to 

support human posture (Fig. 60). Therefore, the human trunk flexion at a specific 

device position is selected when the knee moment achieves a minimum value. 

Assumption 5: The trunk posture is determined at the minimum knee 

moment.  
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  =    when 	     = min( ( )) 	 (18) 

   ≤ 	 ≤   	 (19) 

 : Trunk flexion angle 

  : Optimal trunk flexion angle 

 : Knee extension moment 

  ,   : Lower and upper boundaries for trunk flexion 

 

If  the trunk flexion angle is replaced by the trunk displacement	  , as defined 

by Equation 3, then Equation 19 is equivalent to  

   ≤ 	  ≤    (20) 

  ,   : Lower and upper boundaries for trunk displacement 

 

  

 

Fig. 60. Knee joint moment affected by trunk flexion 
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6.3. Simulation model for optimization 

The human-product integrated model created in Chapter 5.3 is adopted and 

modified for the optimization simulation (Fig. 61). This simulation model is also 

generated using the AMS. 

The constraints for this study are similar to the constraints in Study 1, and 

Equations 1–3 are also applied in this simulation model. The driving motion for the 

simulation model is the pelvis trajectory from the motion experiments in Chapter 5.2. 

The pelvis motion data with the optimal handle position (100% shoulder width and 

100% elbow-fist distance) and the optimal tilting angle (0 degree) obtained from Study 

1 were applied to the model. The pelvis trajectory, which is a driving motion of  the 

model according to the normalized timeline of  the motion, is illustrated in Fig. 59. 

To estimate the reaction forces on the ground and the upper plate, virtual 

muscles are implemented based on the results in Chapter 5.3.2. Because the range of  

interest in Study 2 begins at the moment of  seat-off, the reaction force between the 

chair and the buttocks/thighs is not considered in the optimization study. 

 

 
Fig. 61. Constraints, drivers and the expected results for the simulation 
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6.4. Objective function and boundary constraints 

 

6.4.1. Objective function 

Two criteria should be satisfied to determine the objective function for the 

optimization study. 1) The knee extension moment should be minimized and 2) the 

flexion moment between the pelvis and the trunk should be minimized. 

The first requirement is derived from the fact that the knee joint moment is the 

dominant moment in the lower extremities for the extension of  the body during STS 

motion. By supporting and reducing the knee extension moment, a person with weak 

leg strength or partial paralysis can execute a rising movement with greater ease. 

The latter is based on the fact that an excessive trunk flexion may negatively 

affect the act of  extending the body after seat-off; however, the flexion posture of  the 

trunk is helpful to lessen the knee extension moment. Excessive trunk flexion 

produces a delayed return of  the trunk to its upright posture, which indicates that the 

body’s COM is not located on the BOS, preventing balancing of  the body [24]. A 

physically weak person may experience muscular pain in the back. 

The objective function is determined as follows: minimize the sum of  the knee 

extension moment and the flexion moment between the pelvis and the trunk when 

the optimal trunk flexion angle is obtained by minimizing the knee extension moment 

(Assumption 5 and Equation 18). 

 

Obtain        ,         minimizing 

      (       , 	       )    −       (       , 	       )    	 (21) 

   ≤ 	       ≤ 	   and 	  ≤        ≤    (22) 
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       ,        : x and y position of  the upper plate of  the device 

     : extension moment at the knee joint 

      : extension moment between the pelvis and the trunk 

  ,   ,   ,   : lower and upper boundaries at the x-axis and the y-axis 

 

6.4.2. Boundary conditions 

The boundary conditions (  ,   ,   ,   ) for this optimization study are 

determined based on the kinematic validity of  the generated human skeletal model. 

The boundary conditions of  this study determine the spacial range in which the upper 

plate of  the assistive device should be positioned. The criteria for the boundary 

conditions are as follows: 1) the shoulder width of  the human model should be equal 

to the shoulder width of  the human subject and 2) the scapular models should not 

interfere with the trunk model. Fig. 62 depicts counter-examples of  the criteria for the 

boundary conditions: the left side of  Fig. 62 shows a narrower shoulder width 

compared with a normal posture, whereas the right side of  Fig. 62 illustrates a case in 

which the heights of  the scapulars are too low and interfere with the trunk model. 

The glenohumeral (GH) joint, which is one of  three shoulder joints, of  the 

human model in the AMS is located to develop the mathematic expressions used in 

the AMS simulation model (Fig. 63). The GH joint is a 1-DOF ball-and-socket joint 

that connects the scapula and the humerus. The remaining shoulder joints consist of  

the acromioclavicular (AC) joint, which connects the acromion and the clavicle, and 

the sternoclavicular (SC) joint, which connects the sternum and the clavicle (Fig. 64).  
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Fig. 62. Counterexamples of  posture validity 

 

 

 

 

Fig. 63. GH joint (blue) and sternum center (red) in the AMS human model 
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Fig. 64. Shoulder complex joint (image adapted from [73]) 

 

The criteria are expressed with GH width and GH height. GH width is defined 

by the distance between two GH joints. GH height is defined as the vertical distance 

from the center of  the sternum to the GH joint in the S-I axis. The coefficients of  the 

following equations for the boundary condition criteria are determined based on the 

validity of  the AMS human model. 

 

Criteria 1) The shoulder width of  the human model should be equal to the 

shoulder width of  the human subject: within 90–110% of  the shoulder width 

 0.9   , <    < 1.1    (23) 

   : GH width 

   , : GH width with neutral posture 

 

Criteria 2) The scapular models should not interfere with the trunk model: GH 

height exceeds 10% of  the trunk length. 

    > 0.1    (24) 
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   : GH height 

   : Length of  the trunk segment  

    = Distance from the crista sacralis mediana on the sacrum to C7 (Fig. 65) 

 

Based on the criteria, the boundaries are determined as follows. The figures of  

the boundary are the relative x, y position from the global coordinate system on the 

ground (Fig. 66); they are normalized by the height of  the subject.  

  = 0.2031	,   = 0.2582	,   = 0.3954,   = 0.4857 

 

 

Fig. 65. Length of  the trunk segment 

 

 
Fig. 66. Global coordinate system and device coordinate system 
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6.5. Optimization of  device position 

 

6.5.1. Optimization process 

A parameter study simulation was performed using the human-product 

integrated simulation model detailed in Chapter 6.3. For seat-off, 31 positions in the x 

direction and 61 positions in the y direction of  the upper plate within the boundary 

conditions were analyzed. Fifty-seven trunk postures with the trunk displacement in 

the range of  Equation 20 were simulated at each upper plate position configuration to 

determine the optimal trunk posture that satisfies the minimum knee extension torque 

discussed in Chapter 6.2.2. A total of  107,787 postures were analyzed to determine 

the optimal trunk posture and the upper plate position at the moment of  seat-off. For 

the remainder of  the rising motions, 16 positions in the x direction and 31 positions in 

the y direction of  the upper plate were analyzed for each unit time of  the total 

movement duration. Also, 57 trunk displacement configurations were applied for this 

rising motion. 

 

The optimization process entails 1) determining the optimal trunk posture for 

each upper plate setting and 2) determining the upper plate position.  

First, the optimal trunk flexion posture is determined by obtaining the 

minimum value of  the knee joint moment and its corresponding trunk displacement 

  . By searching for the minimum knee torque about the trunk displacement, the 

point of  inflection is appointed as the minimum point.  

   ( ) = 0 and    ( ) = 0 (25) 

The acquired trunk displacement that minimizes the knee moment over the 

each device position at seat-off  is illustrated in Fig. 67. 
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Fig. 67. Trunk displacement that minimizes knee moment for each device setting 

 

After determining the trunk posture at each device position, the optimal device 

position is determined by an optimization process with a pattern search algorithm. 

The pattern search is an optimization algorithm that obtains the minimum value of  

the objective function, which is noncontinuous or nondifferential [74]. Fig. 68 

illustrates the objective function for the optimization: the sum of  the knee extension 

moment and the flexion moment between the pelvis and the trunk segments. The 

white circle in Fig. 68 indicates the optimal position of  the upper plate at seat-off. The 

area below the red curve in the plot is a numerically valid area against the boundary 

conditions, as shown in Equations 23–24, although the human model’s posture is not 

available in these device configurations. Therefore, the optimal solution was 

determined among the kinematically valid postures shown above the red curve in Fig. 

68. 
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Fig. 68. Objective function and optimal device position at seat-off 

 
  

(0.2215, 0.4246) 
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The optimal trunk displacement at the optimal device position is  

  = 0.3100	(m), 		      =
  
  , 

= 3.6471 

and its trunk angle is 

  = 51.766	(deg) 

The joint moments normalized by the subject’s height and weight from the 

optimization are as follows: hip extension moment = 0.06132, knee extension 

moment = 0.21351, and ankle dorsiflexion moment = 0.06586 (unit: Nm/kg·m). 

The acquired device position and trunk displacement is applied to the AMS 

simulation model (Fig. 69) to validate the optimization results: hip extension moment 

= 0.06138, knee extension moment = 0.21347, and ankle dorsiflexion moment = 

0.06585 (unit: Nm/kg·m). 

 

 

 

Fig. 69. Reconstructed model at seat-off  using the AMS 
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6.5.2. Sensitivity analysis 

A sensitivity analysis is processed to confirm the optimal position of  the upper 

plate. The sensitivity of  an objective function usually considers the gradient of  the 

objective function [75], [76]. The optimization in the previous chapter minimized the 

objective function  : min( ), and another optimization is a process that considers 

the gradient of  the original objective function   (Fig. 70):  

 min( ∗) = min( +  |  | ) (26) 

 : the normalizing coefficient 

The modified optimization problem of  seat-off  with the new objective 

function  ∗ produces the same optimal position as the optimization of  the original 

objective function.  

 

 
Fig. 70. Contoured objective function with gradient  
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6.6. Results 

The optimal device position on each normalized timeline in the range of  

interest for supported STS motion is obtained. The static optimization is executed 

every 5% of  normalized time from 25% to 85%, encompassing the completion of  the 

rising motion and the beginning of  the stabilizing phase. Fig. 71, Fig. 72, Table 3, and 

Table 4 show the optimized results at 25% and 30% of  the timeline. The white the red 

circle indicate the optimal device positions by min( ) and min( ∗), respectively. 

 

Fig. 71. Optimal device position at 25% of  timeline 

 

Table 3. Results from optimization at 25% of  timeline 

 
min( ) min( ∗) 

       /height 0.2325 0.2398 

       /height 0.4513 0.4513 

Trunk Displacement (m) 0.3100 0.3075 

Trunk Angle (deg) 51.7660 50.8300 

Hip Moment (Nm/kg·m) 0.05579 0.05590 

Knee Moment (Nm/kg·m) 0.20994 0.21543 

Ankle Moment (Nm/kg·m) 0.07303 0.07371 

min( ) min( ∗) 
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Fig. 72. Optimal device position at 30% of  timeline 

 

Table 4. Results from optimization at 30% of  timeline 

   min( )  min( ∗) 

       /height 0.2457  0.2493  

       /height 0.4667 0.4667 

Trunk Displacement (m) 0.3125 0.3125 

Trunk Angle (deg) 52.726 52.726 

Hip Moment (Nm/kg·m) 0.05109 0.04686 

Knee Moment (Nm/kg·m) 0.20208 0.20462 

Ankle Moment (Nm/kg·m) 0.07620 0.07650 
 

The results for each timeline are listed in Table 5 and Table 6. The joint 

moment error in these tables is defined as follows: 

 
 =   

  , −   , 
  , 

 
   

 (27) 

  : joint moment from optimization 

  : joint moment from simulation by reconstruction with the AMS

min( ) min( ∗) 
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Table 5. Results from optimization with min(f) 

Time (%) 19.9 25 30 35 40 45 50 55 60 65 70 75 80 85 

       /height 0.2215 0.2325 0.2457 0.2578 0.269 0.284 0.3075 0.3202 0.3416 0.3594 0.3711 0.3858 0.3928 0.402 

       /height 0.4246 0.4513 0.4667 0.4818 0.51 0.5236 0.5323 0.5484 0.5559 0.5511 0.5626 0.5713 0.584 0.5825 

Trunk displacement 
(m) 

0.31 0.31 0.3125 0.3125 0.3025 0.3025 0.305 0.3025 0.305 0.315 0.315 0.315 0.3075 0.3075 

Trunk flexion angle 
(deg) 

51.766 51.766 52.726 52.726 49.018 49.018 49.914 49.018 49.914 53.711 53.711 53.711 50.83 50.83 

Ankle moment 
(Nm/kg·m) 

0.06586 0.07303 0.07623 0.07996 0.08769 0.09056 0.09294 0.09955 0.10121 0.10065 0.10235 0.10381 0.10646 0.10759 

Knee moment 
(Nm/kg·m) 

0.21351 0.20994 0.20208 0.19802 0.20285 0.19388 0.18445 0.17550 0.16077 0.13269 0.10646 0.07204 0.04637 0.04747 

Hip moment 
(Nm/kg·m) 

0.06132 0.05580 0.05109 0.04734 0.04989 0.04867 0.04136 0.04263 0.03579 0.03620 0.03543 0.03622 0.03829 0.03600 

AnyBody Ankle M 
(Nm) 

0.06585 0.07303 0.07623 0.07996 0.08768 0.09057 0.09294 0.09955 0.10121 0.10065 0.10235 0.10381 0.10646 0.10759 

AnyBody Knee M 
(Nm) 

0.21347 0.20993 0.20207 0.19799 0.20284 0.19389 0.18445 0.17550 0.16076 0.13269 0.10647 0.07204 0.04637 0.04746 

AnyBody Hip M 
(Nm) 

0.06138 0.05582 0.05112 0.04742 0.04991 0.04866 0.04136 0.04262 0.03580 0.03620 0.03542 0.03621 0.03829 0.03601 

Ankle M error (%) 0.019 0.003 0.003 0.007 0.002 -0.002 0.000 -0.001 0.000 0.000 0.000 0.001 0.001 -0.001 

Knee M error (%) 0.017 0.007 0.007 0.016 0.005 -0.005 0.000 -0.005 0.005 -0.001 -0.006 -0.006 -0.007 0.004 

Hip M error (%) -0.100 -0.042 -0.049 -0.160 -0.034 0.032 -0.003 0.025 -0.038 -0.003 0.039 0.029 0.022 -0.020 

AnyBody GRF 
(N/kg, one foot) 

2.3117 2.3653 2.3899 2.4300 2.5780 2.6321 2.6606 2.7554 2.7742 2.7221 2.7616 2.8186 2.9564 2.9667 
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Table 6. Results from optimization with min( ∗) 

Time (%) 19.9 25 30 35 40 45 50 55 60 65 70 75 80 85 

       /height 0.2215 0.2398 0.2493 0.2688 0.2833 0.284 0.3075 0.326 0.3416 0.3594 0.3711 0.3858 0.3956 0.4049 

       /height 0.4246 0.4513 0.4667 0.4847 0.51 0.5236 0.5323 0.5456 0.5559 0.5592 0.5626 0.5768 0.584 0.5825 

Trunk displacement 
(m) 

0.31 0.3075 0.3125 0.3075 0.3 0.3025 0.305 0.305 0.305 0.31 0.315 0.31 0.3075 0.3075 

Trunk flexion angle 
(deg) 

51.766 50.83 52.726 50.83 48.14 49.018 49.914 49.914 49.914 51.766 53.711 51.766 50.83 50.83 

Ankle moment 
(Nm/kg·m) 

0.06586 0.07371 0.07651 0.08186 0.08905 0.09056 0.09294 0.09906 0.10121 0.10188 0.10235 0.10471 0.10631 0.10749 

Knee moment 
(Nm/kg·m) 

0.21351 0.21535 0.20462 0.20797 0.21094 0.19388 0.18445 0.17572 0.16077 0.13844 0.10646 0.07495 0.04671 0.04784 

Hip moment 
(Nm/kg·m) 

0.06132 0.05590 0.04686 0.04713 0.04683 0.04867 0.04136 0.03700 0.03579 0.03223 0.03543 0.03755 0.03720 0.03501 

AnyBody Ankle M 
(Nm) 

0.06585 0.07371 0.07651 0.08186 0.08905 0.09057 0.09294 0.09906 0.10121 0.10189 0.10235 0.10471 0.10631 0.10749 

AnyBody Knee M 
(Nm) 

0.21347 0.21544 0.20462 0.20797 0.21094 0.19389 0.18445 0.17571 0.16076 0.13845 0.10647 0.07495 0.04671 0.04784 

AnyBody Hip M 
(Nm) 

0.06138 0.05588 0.04686 0.04711 0.04683 0.04866 0.04136 0.03702 0.03580 0.03223 0.03542 0.03754 0.03720 0.03502 

Ankle M error (%) 0.019 -0.001 0.000 -0.009 0.000 -0.002 0.000 0.001 0.000 -0.001 0.000 0.000 0.000 0.000 

Knee M error (%) 0.017 -0.007 -0.001 -0.003 0.000 -0.005 0.000 0.005 0.005 -0.001 -0.006 -0.004 0.000 -0.007 

Hip M error (%) -0.100 0.036 -0.002 0.045 0.000 0.032 -0.003 -0.040 -0.038 0.000 0.039 0.028 0.000 0.018 

AnyBody GRF 
(N/kg, one foot) 

2.3117 2.3962 2.3875 2.4932 2.6206 2.6321 2.6606 2.7289 2.7742 2.7636 2.7617 2.8810 2.9503 2.9629 
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Fig. 73 illustrates the device position at each 5% of  the timeline of  the assisted 

STS motion. The results from the original objective function and the modified 

objective function reveal their similarity regarding the device position.  

Fig. 74, Fig. 75, and Fig. 76 depict the joint moment from the optimization and 

the reconstructed model in the AMS using two objective functions. The moments at 

the hip joint and the knee joint decrease because the peak moment already occurred at 

seat-off  (20% of  the timeline). The ankle dorsiflexion moment increases as the rising 

motion progresses. The results from the optimization and reconstruction are nearly 

identical. The difference between the results from the two objective functions is not 

significant.  

The GRF estimated by the reconstruction model increases as the human user 

rises because the human user attempts to stand without the feet leaning on the device 

(Fig. 77).  

 

Fig. 73. Upper plate position of  the assistive device 
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Fig. 74. Hip moment from optimization and reconstruction by the AMS 

 

 

Fig. 75. Knee moment from optimization and reconstruction by the AMS 
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Fig. 76. Ankle moment from optimization and reconstruction by the AMS 

 

 

Fig. 77. GRF estimated from the AMS 
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6.6.1. Device trajectory considering sensitivity 

Two trajectory candidates for the upper plate were obtained in the previous 

chapter. To determine which trajectory is suitable, the moment-change rate and the 

position-change rate are analyzed for each trajectory. 

 

The moment-change rate is a criterion used to observe the smoothness of  the 

moment-changing curve over time [54]. The smoothness of  the moment change in 

the human joint prevents a sudden change of  moment and guarantees dynamic safety.  

 
  =

1

2
   

   
  
 
 

  

 (28) 

  : joint moment at i-th joint 

 

The position-change rate is a variation in the moment-change rate by modifying 

the variable of  the torque to the position to determine the smoothness of  the 

trajectory curve. It can be used as a measure of  geometrical curvature to determine if  

the suggested trajectory is easily applicable and operated with the actuators of  the 

device. 

 
  =

1

2
   

   
  

 
 

  

 (29) 

  : position vector with k dimensions 

 

Table 7 shows the similarity between two trajectory candidates for both of  the 

criteria. However, the trajectory obtained from the original objective function   

exhibits the superiority of  those rates; thus, this trajectory is applied to the actual 

assistive device. 
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Table 7. Moment-change rate and position-change rate 

 Moment-change rate Position-change rate 

min( ) 19.3743 0.00781 

min( ∗) 20.5713 0.00786 

 

 

6.6.2. Curve fitting of  the trajectory 

The acquired device trajectory from min( ), which is illustrated in Fig. 73, 

exhibits a moderate zigzag pattern in the sagittal plane. Particularly, minor device 

drops exist at 65% and 80% of  the timeline. Considering that the STS assistive device 

is controlled by a position/velocity-based control, the smoothness of  the trajectory 

should be ensured. For this reason, the trajectory should be fitted to a certain shape 

of  a curve. 

A spline curve fitting may not result in the most accurate curve from the 

optimized point set. However, because the vertical positions of  the device show 

downward motion as previously mentioned, polynomial curve fitting or Gaussian 

curve fitting is a suitable alternative. 

 

1) Polynomial curve fitting (Fig. 78) 

 
 =     

     

   

   

 (30) 

3rd-order polynomial:  

 p1 = 15.97, p2 = -27.28, p3 = 15.93, p4 = -2.259 

 RMSE = 0.009711 

4th-order polynomial:  
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 p1 = 59.91, p2 = -107.4, p3 = 66.72, p4 = -15.44, p5 = 1.607 

 RMSE = 0.009628 

5th-order polynomial:  

 p1 = -499.3, p2 = 1348, p3 = -1423, p4 = 731.3, p5 = -181.4, p6 = 17.99 

 RMSE = 0.009958 

 

 

Fig. 78. Curve fitting to polynomial curve (4th-order) 

 

 

2) Gaussian curve fitting (Fig. 79) 

 
 =    

 (
    
  

) 
 

   

 (31) 

1 term: 

 a1 = 0.9505, b1 = 0.6566, c1 = 0.552  

 RMSE = 0.01557 
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2 terms: 

 a1 = 0.1121, b1 = 0.672, c1 = 0.049 

 a2 = 0.9125, b2 = 0.5646, c2 = 0.3922 

 RMSE = 0.009117 

3 terms: 

 a1 = 0.06525, b1 = 0.663,c1 = 0.03544 

 a2 = 0.9169, b2 = 0.5924, c2 = 0.5206  

 a3 = -0.0664, b3 = 0.3225, c3 = 0.09575 

 RMSE = 0.01124 

 

 

Fig. 79. Curve fitting to Gaussian curve (2 terms) 

 

Among the trials, the Gaussian curve fitting with 2 terms yields the lowest root 

mean square error (RSME); this curve is selected as the device driving trajectory for 

application to the actual device. 
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6.7. Application and experiment 

The fitted curve of  the device driving trajectory was applied to the actual STS 

assistive device and motion experiments with the execution of  this application. For 

the experiment, 9 motion infrared capture cameras, 3 force platforms and 2 pair of  

pressure sensors were utilized (Fig. 80, left). The two force plates were installed in the 

ground to measure the GRF; the third force plate was placed on the chair to measure 

the reaction force between the buttocks/thighs. The pressure sensors were attached to 

the top surface of  the upper plate, where the elbows establish contact with the plate, 

to measure its reaction. The handles of  the device were located at 100% shoulder 

width and 100% elbow-fist distance, which was determined in Study 1. The tilting 

angle of  the device was configured at 0 degrees to prevent the upper plate from 

declining during the motion; this angle setting was also established in Study 1. The 

assistive device was plated on a custom-made support frame on the ground (Fig. 80, 

right). The frame was designed to prevent the force plates from measuring additional 

forces of  the device legs. A 25-year-old male subject with the body scale of  the target 

subject group, which was specified in Chapter 4.1, participated in the experiment. 

Because the range of  motion is limited from the moment of  seat-off, the initial 

timing of  the operation should be determined to enable the device to move at seat-off  

of  the subject. The human and device interactive STS motion is illustrated in Fig. 81. 

The device prepares for its motion by monitoring the force plate on the chair, which is 

triggered by the reduced reaction force measured by this plate. When the vertical force 

on the chair force platform is below a threshold, the device begins the operation along 

the obtained trajectory. A threshold of  10% of  the upper body weight, which was 

approximately 8.5% of  the body weight, was established. When the device stopped 

moving, the subject did not attain standing posture because the device trajectory was 

at 85% of  the total rising motion.  
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Fig. 80. Experimental setting for application to actual device 

 

Fig. 81. Motion sequence of  assisted STS motion 

(1) Initial posture (2) Seat-off, Device on (3) On rising and (4) Finish, Device off 
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To compare the effectiveness of  the suggested assistive trajectory, unsupported 

STS motion was also tested. With arms crossed on the chest, the subject executed STS 

motion at his own pace.  

The results of  supported motion experiments are plotted with the results of  

the optimization and the cross-arm motion experiment in Fig. 82, Fig. 83, Fig. 84, and 

Fig. 85. The graphs reveal the effectiveness of  the suggested device trajectory, in 

which the knee moment decreases from use of  the device. The moment at the knee 

joint from the supported motion experiment was approximately 25% of  the 

unsupported motion. The results from the knee moment indicate that the trajectory 

application to the device is more effective than estimated. The hip joint moment in 

the experiment increased compared with the optimization results. However, the 

moment remains low relative to the unsupported STS motion. These results shown in 

Fig. 84 indicate that the net moment of  the hip and knee joints in the supported 

motion experiment remained less than the results of  the optimization simulation, 

which demonstrates the effectiveness of  the application. The net moment was 

decreased by 16.02% compared with the results from the optimization. 

Plots of  the GRF also reveal the superiority of  the obtained driving trajectory 

application. The GRF from the experiments is decreased by 29.27% compared with 

the results from the optimization. 
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Fig. 82. Knee moment in supported/unsupported STS motion 

 

 

Fig. 83. Hip moment in supported/unsupported STS motion 
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No support 

Support - optimization 

Support - experiment 



104 

 

 

Fig. 84. Net moment of  hip and knee in supported/unsupported STS motion 

 

 

 

Fig. 85. GRF in supported/unsupported STS motion 

 

No 

Support - optimization 

Support - experiment 

No support 

Support - optimization 

Support - experiment 



105 

The joint moment acquired from this study was compared with the results from 

previous studies related to STS assistance. Chugo et al. have suggested an effective 

active STS support device by lessening the peak knee moment to less than 0.294 

Nm/kg•m with trunk motion support. Tsukahara et al. have utilized the HAL system 

for STS with stroke patients, but it did not prove effective as expected. In contrast, the 

suggested trajectory caused a reduction in knee and hip moment while the STS 

motion was executed.  

 

Table 8. Joint moment comparison with previous studies 

Max moment (Nm/kg·m) type 
Unsupported Supported 

knee hip Sum knee hip Sum 

 Arborelius et al. (1992) [20] Static 0.500 0.285 0.785 0.357 0.150 0.507 

 Bahrami et al. (2000) [23] Static 0.491 0.36 0.851 0.433 0.300 0.733 

 O'Meara et al. (2006) [77] Static 0.435 0.297 0.732 0.398 0.234 0.632 

 Sheen et al. (2012) [78] Static 0.471 0.550 1.021 0.392 0.282 0.674 

 Kamnik et al. (2004) [79] Active - - - 0.390 - - 

 Chugo et al. (2007) [2] Active 0.330 - - 0.294 - - 

 Tsukahara et al. (2010) [80] Active 0.594 0.406 1.000 0.425 0.125 0.550 

 This Thesis: Study 1 Active - - - 0.284 0.110 0.358 

 This Thesis:  
 Study 2 

Estimation Active - - - 0.236 0.079 0.315 

Experiment Active 0.478 0.575 1.053  0.116 0.145 0.261 
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6.8. Discussion 

 

6.8.1. Effectiveness of  the suggested method 

An optimization method for determining a driving trajectory of  an STS 

assistive device was proposed with the objective function of  minimizing the knee 

extension moment and the flexion moment between the pelvis and the trunk 

segments. The results from both the simulations and the application demonstrated the 

effectiveness of  the suggested method and its obtained trajectory.  

First, the simulated results from the optimization process showed a reduction in 

the peak joint moments. Compared with the unassisted cases, the knee joint moment 

is reduced by 29% and the hip joint moment is reduced by 70%. The joint moment 

from the optimization exhibit significant differences compared with previous studies 

of  supported STS; the knee joint moment is reduced by 20% and the hip joint 

moment is reduced by 48%.  

The joint moment from the experiment with trajectory application showed a 

greater reduction in the knee extension moment compared with the estimation with 

the optimization. This result satisfies the purpose of  this study: to lessen the 

maximum knee joint moment during motion. The subject who participated in the 

experiment stated that he barely felt the reaction on his feet or the muscle force within 

the knee extensor. The suggested method is suitable for people with paralysis of  the 

legs or a knee-related disease to increase their independency in standing movements 

from a sitting position. However, the hip moment was shown to be higher in actual 

practice compared with the simulation. This phenomenon is the counter-effect of  a 

decreased knee moment because the subject tends to support the upper body and 

trunk by extending the hip joint, whereas the knee joint serves a smaller role in the 

erection of  the body. The net moment of  hip joint and knee joint is smaller than 
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estimated, which proves the effectiveness of  the operation. 

The net moment of  the hip joint and the knee joint is one of  the criteria used 

to determine the effectiveness or insufficiency of  the lower limb motion. Yoshioka et 

al. [72] used this criterion to determine the properties of  human STS motion. 

Although this moment is known to have a certain value for human STS motion, this 

value can also serve as an index that measures how much joint moment is supported 

from the outside of  the human musculoskeletal system. 

The reduced GRF indicates that a large amount of  the reaction force was 

exerted on the physical interface between the upper plate and the elbow. A reaction 

force measured by the pressure sensors on the upper plate revealed that 45% of  the 

body weight was exerted on this interface (Fig. 86). The GRF only comprised 36–41% 

of  the body weight. The increase in the elbow reaction may be a side-effect of  

decreased exertion on the legs. The subject also stated that he sometimes felt a large 

force on his arms during the assisted STS motion. 

 

 

 

Fig. 86. Reaction forces on the elbow contact point and foot 
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6.8.2. Determining trunk posture   

In this optimization study, the optimal trunk displacement at a certain position 

setting of  the assistive device was determined when a minimum knee moment was 

achieved. Without this assumption, a description of  the trunk posture at a given 

position of  the upper plate and a given posture of  the pelvis segment is challenging. 

When the simulation model is simplified and drawn as a linked model, as shown in Fig. 

87, it resembles a completely determinant kinematic model. The lower arm and the 

upper plate model can be expressed as one linkage because two elements are 

combined by the kinematics constraints, as expressed in Equations 1–3. The pelvis 

linkage, the lower arm and the upper plate linkage have a movement about the ground 

linkage. When the postures of  the pelvis linkage, the lower arm and the upper plate 

linkage are given, the joint angle in the linkage system is determined because the 

system has 2 DOFs. The only alternate option is the singularity at the shoulder joint in 

this system; however, this singularity cannot be realized in the actual human joint 

problem. However, the shoulder joint of  a human body actually has 3 DOF instead of  

1 DOF as depicted in the figure. This finding indicates that the upper arm can be 

positioned wider in the medial-lateral axis and the trunk flexion is possible under this 

configuration. 

Therefore, another approach should be employed to describe the trunk posture 

because the position and orientation of  the pelvis and the upper limbs cannot 

determine the posture of  the trunk. However, appointing the trunk flexion as a 

driving constraint, which was applied in Study 1, is not a suitable alternative because 

the trunk posture is determined to have a different posture by interacting with the 

upper plate motion from the experimental data executed in Study 1. The trunk is free 

to move forward or backward by changing the device position. 
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Fig. 87. Simplified model of  the position above the pelvis to the upper plate  

 

 

In the optimization study, the trunk displacement, which is a parameter that 

represents the trunk flexion, is a hidden parameter for the device position 

optimization. The x position and the y position of  the device upper plate are the only 

parameters for this optimization. However, the trunk flexion serves an important role 

to determine the device position because it affects the knee moment change, and the 

flexion moment reaction on the back is also important. 

When determining the optimal trunk displacement, the knee joint moment 

graph sometimes shows a minor change in torque within a certain range of  trunk 

flexion, as shown in Fig. 60 in Chapter 6.2.2. Because the minimum value is difficult to 

determine due to a discontinuity of  trunk flexion near the optimal device 

configuration, the first differentiation and the second differentiation are helpful to 

define the minimum value of  the knee moment (Fig. 88).  
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Fig. 88. Determining the minimum knee moment and the trunk displacement 
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6.8.3. Device control 

Because this study only focused on the moment of  seat-off, the control issues 

were not addressed in the thesis. An example of  a control issue is deciding when to 

initiate the operation because the optimal device position is only acquired from the 

moment of  seat-off. A reaction force measured by the force plate on the chair is 

applied as an operation trigger to drive the device. A suitable threshold value should 

be selected to generate the device motion that coincides with the user’s seat-off. The 

initial threshold for the trigger was half  of  the upper body weight. The threshold 

caused previous initiation of  the device motion because the subject could not reach 

the seat-off  posture with this threshold. Adapting the threshold values to 10% of  the 

upper body weight enables initiation of  the device motion by the intended human 

motion.  

 A limitation in managing an accurate trajectory with the device remains 

because the assistive device was operated by the position/velocity-based control 

method, which does not include feedback control. Therefore, the interactive force 

provided by the subject pulled the device while the rising motion was not properly 

corrected. Feedback control may yield a more accurate experiment and greater 

effectiveness.  

Chugo et al. [36] suggested a combined control method for position control 

and damping control to satisfy the STS motion conditions: decreasing the knee 

moment during the rising phase and sustaining the standing posture at the final STS 

motion. It was operated with the position control algorithm. They monitored and 

estimated the knee joint moment during STS motion and applied the damping control 

after the knee moment exceeded a specific threshold. Because this thesis only focused 

on lessening the joint moment during motion, the standing posture at the final phase 

of  the motion was not considered for the optimization. As a result, the human model 
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is not completely extended and erected at the end of  the device motion in the 

reconstructed model with the AMS, as shown in Fig. 89. An implementation of  a 

method similar to Chugo’s control algorithm may improve the effectiveness of  this 

study. For example, an additional objective function for maximizing the body’s COM 

in the final phase of  STS motion is feasible. 

 

 

 

 

Fig. 89. The final posture reconstructed with the AMS 
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7. Conclusion 

 

An optimization process for determining the design parameters of  the physical 

interface between the product and the user and the operation conditions were 

proposed in this study. In contrast with previous studies, this study focused on the 

dynamic interrelationship between the assistive device product and the human in a 

human-product integrated simulation environment.  

The design variable of  the handle position was selected for the physical 

interface, and the maximum tilting angle and the driving trajectory of  the upper plate 

on the STS assistance device were considered for the variables related to the device 

motion. These parameters were determined through this study to maximize the 

support effect on human STS motion. Minimizing the knee joint moment and the 

corresponding waist moment was the primary goal of  the study. The handle position 

and the tilting angle were determined with the parameter study, and the device motion 

trajectory was examined by a series of  static optimizations. 

Two main issues were addressed to solve the problem: the first issue was that 

human motion is affected by design change; the second issue was that changes in 

human motion also affect the reaction force, which is required information for the 

motion estimation. To solve the first issue, the pelvis trajectory and the trunk 

displacement are utilized as supplementary drivers for the simulation model in the 

parameter study. The optimal trunk position for each device position configuration 

was determined by finding the trunk posture that minimizes the knee joint moment. 

For the second issue, the reaction force was estimated by a virtual muscle at the 

human-product interface, such as on the upper plate where the elbows are placed, 

between the ground and the feet, and on the chair where the human model sits. 
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As a result, the optimal handle position, the tilting angle at the upper plate and 

the driving trajectory were obtained by the two studies. In the first study, in which the 

goal was to lessen the maximum knee torque, the handle position and the tilting angle 

were determined. The knee extension moment was also a primary target in the 

trajectory optimization study. In the second study, another objective was to consider 

the flexion moment between the pelvis segment and the trunk segment in determining 

the optimal device positions and the trajectory.  

The obtained trajectory information from the optimization study was applied to 

the actual assistive device to validate the effectiveness of  the trajectory and its solution 

methods. The results of  the human motion experiments with the assistance device 

validated the results of  the study for assisted STS motion with an assistive device.  

This design approach is applicable not only to the assistant device for STS but 

also to other supportive apparatuses that function using active interaction with the 

human user by providing a maximum supportive effect to the user. 
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국 문 초 록 

 

인체 동작 보조기구의 가장 기본적인 기능은 제품의 사용자가 필요로 하는 

동역학적 보조를 제공하는 것이다. 따라서 이와 같은 보조기구를 설계할 때에 사용자

의 인체에 대한 고려가 충분히 이뤄져야 한다. 일어나기 동작을 보조하기 위한 시스

템을 개발했던 과거의 연구들에서 제품 설계에 필요한 기본적인 인체 요소들은 잘 

반영되어 왔으나, 인체가 제품을 사용하는 환경에서 발생하는 인체-제품 간의 상호작

용에 대한 관심은 크지 않았다. 이들 대부분에서는 신체 치수와 인체의 동작을 바탕

으로 제품 설계 변수를 결정하고 있으나, 이렇게 결정된 설계 변수는 인체-제품 결합 

환경을 고려하여 최적화된 결과로 보기는 힘들다. 즉, 보조기구 설계 과정에서 인체

를 어느 정도 고려하였다고 하더라도, 제품 사용 환경에서의 인체와 제품 간의 관계

를 면밀히 살피지 않는다면 보조기구 사용을 통한 인체 보조 효과를 극대화하기 어

렵다. 이 논문에서는 인체와 제품 사이에서의 물리적인 접촉과 상호작용이 발생하는 

물리적 인터페이스(physical interface)의 설계 변수를 결정하기 위한 방법을 제시

하였다. 
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기존의 인체-제품 결합 해석 방법에서는 기구학적으로 동작이 자명한 기구를 

사용할 때의 인체 동작을 다뤘기 때문에 주어진 기구학적 환경을 만족하는 인체의 

자세를 비교적 쉽게 정할 수 있었으나, 일어나기 보조 기구를 사용하는 환경과 같이 

인체 말단의 동작의 영향으로 인해 인체 전체의 자세가 결정될 수 있는 환경에서는 

말단만의 동작 정보로부터 인체전체의 최적 자세를 결정하기에는 어려움이 많다. 또, 

정동역학(forward dynamics)의 방법을 이용한 기존의 일반적인 동작예측(motion 

prediction) 방법에서는 인체의 동작 정보와 함께 측정된 반력 정보를 사용하지만, 

본 연구에서 다루는 인체의 일어나기 동작은 기구와의 상호작용에 의해 결정되는 동

작이기에 기구의 구동과 기구와 인체 사이의 물리적 인터페이스 조건에 의해 정해진

다. 인체에 작용하는 반력 역시 위 관계로부터 결정되기 때문에 인체의 자세 따른 반

력을 실험을 통해 직접 측정하는 것은 불가능하다. 이 논문에서는 이 두 가지 문제를 

해결하기 위해 계층적 구조를 가진 인체-제품 결합 환경에서 인체 모델의 상위 단계 

요소의 자세를 결정하는 방법과, 반력 정보의 측정값이 없는 자세에서 지면반력을 예

측할 수 있는 방법을 적용하였다. 특히, 가상 근육(virtual muscle)을 이용하여 인체

에 작용하는 반력을 예측하였고, 반력의 측정값 없이 불완전한 역동역학(inverse 

dynamics) 연산을 수행하였다. 인체와 제품/환경 간의 물리적 인터페이스 지점에 
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가상 근육을 삽입, 주어진 동작 실험 데이터에 대한 역동역학 연산을 수행하여 가상 

근육에서 발생하는 반력을 예측하였다. 지면반력의 예측값이 측정값에 가까워 질 때

까지 반복적으로 연산을 수행하여 가상 근육의 물성치를 결정한다. 획득한 가상 근육 

정보를 이용한 시뮬레이션을 통해 보조기구 조건에 따른 인체 동작과 지면반력을 예

측한다.  

일어나기 보조기구의 설계연구를 위해 물리적 인터페이스 설계와 관련된 변

수로는 기구의 손잡이 위치를, 기구의 구동과 관련된 변수로는 보조기기 상판의 최대 

기울기와 보조기기 상판의 구동 궤적을 선정했다. 이 연구는 두 단계의 연구 과정을 

거친다. 먼저 손잡이의 위치와 최대 기울기 각도를 결정하기 위한 설계변수 연구를 

수행하고, 이어서 기구의 구동 궤적을 최적화한다. 설계변수 연구에서는 인체의 무릎 

관절 모멘트의 최대값을 최소화시킬 수 있는 최적의 손잡이의 위치와 기구의 기울임 

각도를 시뮬레이션을 통해 구하였다. 제안된 시뮬레이션 모델은 Geers가 제안한 방

법에 의거하여 검증하였다. 구동 궤적 최적화 연구에서는 무릎 관절에서의 신전 

(extension) 모멘트와 허리의 굴곡 (flexion) 모멘트를 최소화하는 기구의 최적화된 

경로를 획득한다. 설계변수 연구에서 획득하였던 최적 설계변수와 인체동작 실험에서 

확보한 골반의 궤적 정보를 궤적 최적화 연구과정에 적용하였다. 구동 궤적 최적화 
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연구의 가장 큰 목적은 일어나기 동작에서 중요하게 다뤄지고 있는 무릎 관절의 최

대 모멘트를 줄이는 것으로, 최대 모멘트가 나타나는 “seat-off” 시점(엉덩이가 의

자에서 떨어지는 시점)에서부터 동작의 단계별로 인체 자세와 보조기기의 위치를 구

한다. 이 연구에서의 시뮬레이션의 결과로 획득한 인체의 무릎 관절 최대 모멘트를 

기존 연구와 비교한 결과, 이 연구를 통해 획득한 보조기구의 구동 경로는 동역학적 

관점에서 인체의 일어나기 동작의 보조효과를 가지고 있음을 보여준다. 또, 결과로 

얻은 구동경로를 보조기구에 실제로 적용하여 인체 동작실험을 수행하였는데, 이를 

통해 시뮬레이션에서 획득한 보조효과보다도 뛰어난 보조효과를 얻을 수 있었다. 

 

주요어: 인체-제품 결합 시뮬레이션, 인체동작 보조기구, 일어나기 동작, 설계변수 최

적화, 반력 예측 
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