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Abstract 

The aim of the overall research is to investigate the motion of a wheeled mobile 

robot in an indoor (structured) setting while following a given trajectory. An example of 

application for this research project would be automated maneuver of a smart power 

wheelchair in a medical health care setting, such as a hospital, which will benefit Canada. 

For this specific research project the aim was to investigate mobility of an assistive device 

for Sit-to-Stand (STS) operation and walking. A rehab robot was developed and was 

attached to a wheeled mobile robot to accomplish STS operation and to walk a patient for 

rehabilitation. Four major phases of this project are: (i) design of the rehab robot, (ii) 

development of control algorithm, (iii) experimentation, and (iv) navigation of the mobile 

robot and the rehab walker (robot).  

In order to design the rehab walker/robot, an intensive literature review was 

accomplished on reported research work for Sit-to-Stand (STS) and smart walker design 

for lower limb rehabilitation. Later, conceptual designs were suggested for selection 

process. One of them was selected to be the mechanical final design, and was designed in 

detail. Finite element analysis (FEA) was performed, before a prototype was fabricated. 

Due to different lift methods for STS operation, four different algorithms were 

developed which can be put into three classes: arm-pad support lift algorithm, handlebar 

support lift algorithm, and belt support lift algorithm. A friendly interface that governs the 

communication between users and the device has also been developed. 

Several participants tested the algorithms and answered a questionnaire. The results 

were collected and analyzed qualitatively and quantitatively. It showed that designed 

algorithms helped in STS process, and was able to find the comfortable position for each 

user within a reasonable time. User experiences were reported to be generally good, and 

the rehab robot reacted “smartly” depending to detected user intentions. Hence, it can be 

concluded that major design goals for the rehab robot had been achieved.  

After the rehab robot had been fully developed, it was attached to a wheeled mobile 

robot and went through a set of tests to determine whether a previously developed FLB 
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(Fuzzy Logic Based) algorithm was appropriate for this project. The results showed that 

the FLB algorithm successfully reached its pre-set goals and avoided obstacles on its way.  

In summary, this project contributed in lower limb rehabilitation and design of a 

smart walker. It intensively studied current research and projects, designed a rehab robot 

and four control algorithms to help people in both STS and walking process. Experiments 

had also been implemented, and results indicate the effectiveness of control algorithms and 

the predesigned FLB navigation algorithm. According to the results, this project achieved 

original goals to assist people in rising up and walking, and it also navigated to pre-set 

goals successfully. However, more research is still needed for marketization purpose, such 

as collect, more test data to optimize threshold settings of control algorithms, and develop 

a better navigation algorithm that has a higher degree of comfort.    
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 INTRODUCTION 

1.1 Background and Motivation 

As the aging population develops, more and more countries and areas steps into 

aging society, and requires increasing workforce to take care of elder people. Meanwhile, 

the gradually ascending cost and investment in healthcare and nursing have become a 

global issue. Taking care of people with impaired lower limb functions is one of the 

trickiest problems of this issue. A number of elder people have problems with their knees, 

hips, and weakened lower limb strength, which affects their mobility. They have 

difficulties in walking and do not cope well at home. People recovering from a stroke, 

lower limb fracture, and some other illnesses suffer similar problems as well. 

Rehabilitation services and nursing are available. However, access is limited due to 

constrained medical resources and the high cost. As a result, some people miss the best 

time for recovery, and some people limited their activity zone to be merely their home and 

hence suffer from more health issues caused by the lack of movement and being alone. 

Hence, one of the motivations for this project is to provide easy standing and walking 

assistance for these people, and an alternative solution for nursing as well. It is also 

expected to help in lower limb rehabilitation and patients’ autonomy. 

A variety of walkers are available on the market that do help in walking, such as 

rollator walker and adjustable standard walker. [32] However, most traditional walkers are 

designed for people with higher level of self-care ability. For people with bad health 

conditions, such as largely weakened leg strength, malfunctioning hands and fingers, and 

hemiplegia sequelae, merely operating the walker would be a huge challenge. Besides, 

traditional walkers provide very limited support to Sit-to-Stand (STS) process, which is 

one of the toughest parts for self-autonomy, since it requires a large amount of lower limb 

strength. Hence, it brings up the second motivation, to design a device that helps a much 

broader range of people, and provide users more assistance.  

In most hospitals, there are a large number of bedridden patients having difficulty 

in standing up and walking due to their health conditions. However, they still need exercise 

and completing various physiological activities every day, and that has taken up a lot of 
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nurses and medical resources. A similar situation also happens in nursing homes and other 

healthcare facilities. 

A device with navigation and efficient assistance will reduce the cost and allow 

patients to have better self-autonomy and have more opportunities to exercise and hence 

improve their health conditions. 

Motivated by medical needs stated above, this project is focused on to research of 

lower limb rehabilitation and assistance to devise a machine with following functions: 

1. Basic walker functions. This device should be able to perform as a traditional 

walker.  

2. Help in STS process. This is one of the major goals of this design.  

3. Provide assistance in standing and walking. 

4. Smart and can navigate. This feature will provide care, convenience, and assistance 

to users, and allow patients for rehabilitation by walking through a given trajectory.  

5. Has a good level of adaptability. Hence it will be able to help a wide range of people 

having different height, weight and health conditions, and adapt to both home and 

hospital application.  

1.2 Literature Review 

Though mature product is still yet to be designed, researchers did propose many 

interesting designs and ideas, and also studied lots of topics in this area.  

Morbi et. al.[1] designed a system called GaitEnable, which is used in overground 

walking and balance training. This design integrated the Bungee Mobility Trainer, which 

is a patented elastic passive body weight support system that consists a 3-DOF linkage that 

support the patients’ pelvis from below. The test results show that GaitEnable system will 

reduce pelvis and torso motion constraints.  Ahmed et. al.[2] designed an assistive device 

named E-Just Assistive Device (EJAD), a low cost intelligent assistive device to help elders 

in walking and sit-to-stand activities. This is a mechanical design based on the imitation of 

the caregivers’ motion during the support task, which is mainly composed by back support, 
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robot arm and active walker.  Bauzel et. al. [4] [5] analyzed current research on smart 

walkers and proposed three required significant features: provide dynamic support, 

demand little or no effort to use, be user-friendly. Also, a new user interface which allows 

users to control the walker intuitively is designed and implemented on ASBGo walker, 

which is an active robotic walker assisting elder and disabled people in walking. Lots of 

measures has been adopted to assure safety and customer comfort, such as infrared rays 

gesture detection, force detection of falls, and limit wheels’ orientation and speed.  Bulea 

et. al. [6] proposed a new design adopted gas spring actuators to enable auto lifting, and 

also has both handles and platforms for arms to support users. The gas spring provides 

lifting forces and a steel shaft is designed to help users moving freely. The experimental 

results from a partial paralyzed male show that the lift walker significantly shortened the 

transition time of sit-to-stand process, and also resulted in a more steadily rise than standard 

walker. Jorge et. al. [7] reviewed all current robotic systems for lower-limb rehabilitation 

on 2011, and pointed out that researches in this field is growing exponentially during the 

last decade. 43 Robotic systems was mentioned and can be classified into following five 

categories: Treadmill Gait Trainers, Foot-Plate-Based Gait Trainers, Overground Gait 

Trainers, Stationary Gait Trainers, Ankle and Knee Rehabilitations Systems including 

Stationary Systems and Active Foot Orthoses. However, more than half of the systems 

have neither been marketed, nor applied for home use, due to their bulky size, elevated cost 

and the lack of high clinical improvement evidence. Actually, lots of researchers found 

some existing problems and tried to solve them in their designs as discussed before.  

Research in STS area has also been investigated and they further contributed in this 

work. For example, the research of STS phases helped in developing the motion control 

algorithms of the walker designed in this project. Details can be found in Chap.3.3.6.  

Also, there is some research works have been done in this area to help the 

development of robotic smart walkers. Pasqui et. al. [8] found that the global shape of 

trajectory is “s-like” curve through experiments participated by patients. Wang et. al. [9] 

presented a fuzzy controller design for lower limb rehabilitation robot, which is more 

effective than traditional PID controller. Pasqui et. al. [10] proposes a method to assess the 

efficiency of smart-walkers by measuring the time cost of different walkers when users 
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were required to complete a series of movements. Other types of robotics to assist walking 

and lower limb rehabilitation have also been studied, such as a new design of exoskeleton 

system presented by Castro et. al. [11], a new robot design for children with cerebral palsy 

presented by Giergiel et. al. [12], and a mechanism model of lower limb passive 

rehabilitation built by Zhang et. al. [13]. Furthermore, some researchers also studied the 

psychological aspects of lower limb rehabilitation. For example, Koenig et. al. [14] 

discussed a psychological measurement method which may help robotic-assisted gait 

rehabilitation. 

To summarize, lots of work has been done, including both research and design. 

However, most of existing rehabilitation systems is not good enough for marketization. 

Most of them have issues in cost, safety and portability; and also lack enough reliable 

testing. Besides, none of those intelligent devices can help both STS and walking process. 

Hence, a mature, smart, and affordable rehabilitation system for STS and walking is still 

yet to be designed. 

1.3 Research Objective 

1. Investigate the state-of-the-art for existence and needs of assistive device for sit-to-

stand (STS) and walking operation. Develop such a device and develop relevant 

motion control algorithms to help patients with rehabilitation. . 

2. Investigate/test STS operation and the interaction between the user and the device. 

Test control algorithms for the rehab robot and evaluate its effectiveness in helping 

people with lower limbs rehabilitation 

3. Investigate/examine navigation algorithms that may help in walking and navigating 

process, in medical setting for rehabilitation. 

1.4 Research Methodology 

A literature review has been performed and a device (rehab robot) had been 

designed based on conclusions and ideas drew from it.  After the rehab robot had been 

manufactured, control algorithms for three different ways of STS: arm-pad support, 

handlebar support, and belt support, were developed. Afterward, practical tests of control 
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algorithms were implemented, and analyzed. Also, a questionnaire was handed out to 

participants, and the results were analyzed qualitatively. Lastly the smart walker had been 

attached to an Autonomous Ground Vehicle (AGV), which was used as the driver, and an 

existing navigation algorithm was tested to assess its feasibility to this project.  

1.5 Synopsis of thesis 

In this section, an extensive summary of the thesis is provided, to give readers a 

good picture of what has been done. More details can be found in each chapter. 

Chapter 2: Design of Rehab Robot 

Since this project is an attempt to develop an affordable mature smart walker, it 

adopted the AGV as a driver to conduct experiments. A rehab robot was designed to attach 

on the AGV and complete the major functions of the smart walker. This rehab robot has 

basic walker functions and adjusts its height basing on control algorithm or users’ 

commands, hence it helps in the STS process and walking.  

There are three main parts in this chapter: function analysis, mechanical design, 

and electrical design. Function analysis was applied first in order to guide both mechanical 

and electrical design, and six major functions were determined as following: help STS 

process, be capable of moving, be automatic, be safe, be comfortable to various users, and 

be cost effective. For each function, it was also analyzed in detail as showed in Appendix 

A, which helps to assure that this design will meet detailed requirements.  

After function analysis, a mechanical prototype was designed first since it not only 

was needed to meet all requirements but also had to provide sufficient convenience for 

electrical design and functions. For example, a battery box was designed for the storage of 

batteries and other electrical components. There are several parts in mechanical design 

section: conceptual design, detailed design, Finite Element Analysis (FEA), and material 

selection, and several design principles was introduced as well.  

In the conceptual design process, three alternative designs were devised and went 

through a down-selection process, basing on six criteria considered to be most important 

to this design. The 3rd design concept was selected as the best design. Each detail of the 
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device was determined in the detailed design process, and a set of drawings were created 

for fabrication. Steel was selected as the material, due to its easy availability, strong 

strength, stable properties, and low cost. FEA results showed that the safety factor was 7.58 

for carbon steel 1010 in this design.  The fabricated rehab robot is shown in Figure 1.1.  

 

Figure 1-1 Fabricated Rehab Robot 

The electrical component design was developed for motion and control. The goal 

and requirements for the electrical part were clarified, then appropriate electrical products 

were selected for this project after extensive research of the market. The electrical 

schematic diagram is shown in Fig.2.22. The basic idea is that, at first, microcontrollers 

(two Arduino Mega 2560) collect data from real-time transducers, including force sensors, 

position sensors, keypad inputs and maybe sound detector and voice recognition module. 

Then the microcontrollers will process the data through a programmed control algorithm 

on the microcontrollers, and output corresponding signals to the motor controller. 

Afterward, the motor controller that uses the constant power supply from batteries and 

voltage regulator will output a voltage, which determines the motion of actuators. 
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Transducers collect data in every second. Hence, this closed-loop control algorithm would 

be able to control the motion of actuators effectively and instantaneously.  

 

Figure 1-2 Electronics Connection Schematic Diagram 

Transducers in this project collect position and force data that mainly help in 

detecting users’ status, such as sitting, standing, walking and falling. Keypad, screen, voice 

recognition module, sound detector, and speaker were designed for the user interface. 

Hence, the machine could take in data that reflects user information and preference, and 

react to real-time commands. The schematic diagram can be found in Fig.1.2. 

Chapter 3: Control Algorithm Design and Research 

This project developed algorithms in three different techniques to help the STS 

process: 1-arm-pad support, 2-hand lifting, and 3-belt support. There are two algorithms 

(Test 3 and Test 2-1) for arm-pad support method, one algorithm (Test 4-2) for the hand-

lifting algorithm, and one for the belt support algorithm (Test 5). More algorithms and 

corresponding tests information can be found in Table 1-1.  
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(a) Arm-pad Support                        (b) Handlebar Support                   (c) Belt Support 

Figure 1-3 Three Lifting Methods 

These algorithms detect the status of users first, and then react properly for each 

status. For arm-pad support algorithms, once the device is detected in use, the walker will 

be lifted to a theoretical best height calculated from the applied force on the actuators, 

user’s height and weight. Later, it will enter into the height adjusting phase, and users will 

be able to adjust the height automatically or manually. Once adjusting phase is determined 

to be finished, the rehab robot falls into steady state and maintains the same height for the 

upcoming walking process. After usage, the actuators will retract to the initial position and 

wait for next round of use. The schematic diagram of the control algorithm is shown in 

Fig.1.4. 

 

Figure 1-4 General Control Algorithm Concept Diagram 

The belt support algorithm is very similar to the arm-pad support algorithm, unless 

the device is lifted to a higher position first for belts to extend fully. Then it will be lowered 



9 

 

down to best theoretical height for arms before entering the height adjustment phase. The 

hand-lifting algorithm is a simple algorithm that controls the height of rehab robot to follow 

the trajectory of hands during STS process. Abnormal cases had been considered in all the 

algorithms, and voice control is also available. Flow chart for each algorithm and the 

detailed introduction can be found in Chap.3.1. 

In order to determine parameters and methods, research had been done and 

introduced in this chapter as well, in six areas as follows: 

A. Body Weight Ratio 

B. Relationship between Walker Height and Applied Arm Forces 

C. Time of Each Speaker Syllable 

D. Calculation of Theoretical Best Arm Height  

E. Calculation of Best Handlebar Height 

F. Phases of STS Process   

The research of body weight ratio helps in finding thresholds for height adjustment 

phase, as well as the research of “Relationship between Walker Height and Applied Arm 

Forces”. Calculation of the best arm height and handlebar height plays an important role in 

determining the theoretical best height for each algorithm. The study of STS process is 

crucial to define phases for both algorithm development and further analysis of results. 

And the time of each spoken syllable is very important to human voice detection and voice 

control algorithm design. Detailed information can be found in the Chap.3.3. 

Chapter 4: Results Analysis 

This chapter discusses the test process for control algorithms, provides results, 

analysis, and comparison with all experiments conducted. Seven experiments were 

conducted with the help of three participants. Table 1-1 shows a summary of these 

experiments. In general, tests demonstrated in the Chap.4 can also be categorized into three 

classes: arm support lift tests (Test 1-1, Test 2-1, Test 3), handlebar support lift tests (Test 

2-2, Test 4-2), and belt support lift test (Test 5).  
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Table 1-1 Test List of Rehab Robot (All algorithms use force and displacement feedback)  

 

The purpose to discuss as many as eight tests in this project is to compare three 

different support lifting method, and also compare the effectiveness of different algorithms 

for the same lifting method. 

In general, all those three lifting methods will provide assistance to STS process, 

and require less leg strength, compared with natural STS. The belt support lifting method 

provides the most assistance, which can be told easily from comparison I: Arm Force 

Comparison (Chap.4.4). The other two lifting method provided a similar amount of support 

assistance, during STS process. Fig.1.5 is a typical result of arm force comparison for 

different algorithms. However, arm pad support lifting method could be the best for overall 

lower limb assistance, because it also carries the upper limb weight during the walking 

process, and maybe some upper trunk weight as well. The results can be found in detail in 

comparison II: Leg force comparison. (Chap.4.6) Fig. 1.6 shows the averaged test results 

comparison. 
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Figure 1.5 Participant T.Z.’s Test Results Comparison (Arm Force) of Test 2-1, Test 3, Test 1-1 

and Test 5. 

 

Figure 1.6 Comparison of Different Methods of Standing Up (Leg Force). Test 1-1 Arm-pad 

Support Lifting Method. Test 4-1 Natural STS. Test 4-2 Handlebar Support Lifting Method. 

In the two control algorithms designed for arm pad support lifting method, applied 

force based control algorithm was found to be the better algorithm, according to 

comparison I: Arm force comparison (Chap.4.4). It is because this algorithm is more stable, 

and it takes less time for the participants to find their best arm height.    
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A simple questionnaire was designed for qualitative analysis and design evaluation. 

The first six questions were about overall user experience, and the seventh question, which 

had been divided into six subquestions, was focused on the comfort level of each design 

detail, regarding overall user experience and ergonomics design. The results showed that 

participant thought this design would help in STS process and walking, and it is overall a 

good design in ergonomics aspect as well. Detailed tests and questionnaire results can be 

found in Chap. 4.7. 

Chapter 5: Navigation Algorithm and Tests 

 To demonstrate the walking aspect of the rehab robot, we adopted a Fuzzy-Logic-

Based (FLB) algorithm for navigation of the robot in an indoor medical setting. This 

algorithm is able to control the motion of the AGV, which is used as a driver of the rehab 

robot, to one or several3 goals and also avoiding obstacles during its motion. 

 

 

Figure 1.7 Two Wheeled Device Simulates the Walking of Lower Limb Disabled People 

In order to test its ability in driving the wheeled mechanical device, tests on a two-

wheel device were implemented first. This two-wheel device has two dampers on each 

side. Hence it is able to simulate people with lower limb disability by applying damping 

forces on one side or both sides. The results, which can be found in Fig.5.4, showed that it 

was still able to reach preassigned goals successfully, though the path was not as smooth 

as what we hoped for.  
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Fig.1.8 Test of rehab-robot Avoiding Obstacles 

 

Fig. 1.9 Typical Test Results of Avoiding Two Obstacles (Path). (X: Horizontal Displacement, Y: 

Vertical Displacement, Goal Position: (8000, 2200)) 

Afterwards, the rehab robot was attached to the AGV and tested using the FLB 

algorithm. Basing on H. Barden’s gait speed classification [34], three speeds tests were 

implemented: 0.9 m/s, 0.65 m/s, 0.4 m/s, and one obstacle and two obstacle cases were 

tested for each speed. During the tests, the device successfully reached preassigned goals 

and avoided obstacles, however, it made sharp turns, and the user experience was not good 

enough for practical application.  Detailed test results and findings can be found in the 

Chap.5.3. Future work is discussed in Chapter 6.  
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Chapter 6: Conclusion and Future Work  

This chapter is an overall conclusion for this project and also identified important 

considerations for future work. The design of mechanical and electrical parts, development 

and comparison of algorithms, and tests of navigation algorithm had been concluded. 

According to the results of experiments and questionnaires, the four developed algorithms 

successfully helped people to complete the STS process and provided relatively good user 

experience at the same time. But, for future research and possible marketization, some 

design details needed to be improved, and large-scale test data is need for control algorithm 

development. For navigation algorithm, the FLB algorithm adopted in this project did help 

in reaching the goal position and avoiding obstacles. However, the user experience was not 

satisfying at all. Hence this aspect of the research needs to be customized for medical 

application in future.  



15 

 

 DESIGN OF REHAB ROBOT 

To design a mature product it usually needs lots of preparation, tests, and 

modifications. In this project, we will start by designing a prototype that has two main 

parts--- A walker that will help people in sit-to-stand motion, and AGV, that is used as a 

driver of the walker. Therefore, the task for mechanical design part would be designing a 

walker and determine how it would be connected to the AGV.  

 

Figure 2-1 Wheeled Mobile Robot (AGV) Used for Navigation 

2.1  Function Requirements 

Based on need analysis, the device has to be able to perform as walker, and be 

smart, safe, affordable and comfortable at the same time. Therefore, six main functions to 

be implemented have been determined and shown in Fig. 2.2. A more detailed function 

structure is in Appendix A. 
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Figure 2-2 Main Functions 

2.2 Mechanical Design  

This part mainly introduces the design and fabrication of mechanical components 

of rehab robot. Electrical parts are discussed in Chap 2.3.  

There are three major phases in mechanical design process: conceptual design, 

detailed design, and fabrication. In the conceptual design phase, several drafts were devised 

and evaluated, and a preferable draft according to evaluation results was selected as the 

final design. In detailed design phase, each mechanical components were designed in 

detail, and drawings were created for fabrication process. Also, some underlying principles 

during both design phases was introduced in Chap.2.2.3. Before fabrication, finite element 

analysis (FEA) was used, and materials had been compared and selected.  

2.2.1 Conceptual design 

In conceptual design process, three alternatives were devised and went through a 

criteria evaluation (down selection) procedure (See Appendix H) The first alternative (See 

Appendix G) suffers from several problems, including unnecessary components and 

function, and difficulty in connecting to AGV. The second alternative (See Appendix G) 

was simpler but had curved structures and a rigid connection to AGV. Therefore, the final 

concept, which overcame those problems, was selected as the best conceptual design.  

As showed in Fig.2.3, this design adopted triangle frame in order to ensure high 

safety level and good connection with AGV. Two actuators were mounted on each side 

while a sliding bushing was used in the middle. Second, it has three wheels: two fixed 

casters on each end and an omnidirectional wheel in the front. Also, a free rotating 

connection method was applied. Therefore, the rehab robot will be capable of following 
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the motion of AGV freely and stay stable. Furthermore, a battery box, whose shape 

corresponds to the main frame, was designed for both DC power supplies and electronics. 

To support the box, four rods were welded on the frame as shown in the picture above. 

 

 

Figure 2-3 Final Design Concept 

2.2.2 Detailed Design 

After the final design concept had been selected, this concept was further designed 

in detail as showed in Fig.2.4. In the detailed design process, the structure was modified to 

be more effective, practical, and detailed dimensions of each part were confirmed. This 

design contains the following parts: upper frame, lower frame, sliding bushing, wheels and 

connection to AGV, battery box and its support and actuators. And, to improve comfort 

level, a pair of arm-pads were mounted on the frame of the device, details can be found in 

Appendix J. 
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Figure 2-4 Sketch of Final Design of Rehab Robot  

 

Figure 2-5 Prototype of the Rehab Robot 

Battery/ Electronics Box 

AGV Connection 

Horizontal Handlebar 

Force Sensor 

Actuator 

Vertical Handlebar 

Omnidirectional Wheel 
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2.2.3 Underlying Principles of Detailed Design 

During detailed design phase, several principles were considered to be important 

and emphasize.  

Safety was the top priority of this design, and it was considered in both mechanical 

and electronic aspects. Two main things to consider in the mechanical aspect were ensuring 

the stability: ensuring the stability of the walker itself during use and protecting the user 

from falling. Hence a stable and safe (See safety factor in Fig.2.6 (a)) mechanical structure 

was designed, and a harness was mounted on the frame to prevent falls.  

For electronic aspect, abnormal cases were detected by transducers simultaneously, 

and voice recognition module and emergency stop button were designed for users to 

command immediate stop. 

Besides, ergonomic design, simplicity and force analysis were also considered as 

important principles in the design process, and the details can be found in Appendix I. 

2.2.4 Material Selection  

According to results from FEA, both aluminum 6061 (Outer Diameter (OD) 31.8 

mm, 1.85 mm thick) and carbon steel 1010 (OD 25.4, 2mm thick) will work well for this 

design (See Appendix E for details). However, steel is much stiffer than aluminum and 

weighs 5.8 kg more, which contributes to stability and reduce the chance of flipping over. 

Also, steel is much easier to weld than aluminum and will bring down the total cost. Hence, 

steel was selected as the material for this project.   

2.2.5 FEA Results  

The detailed FEA of carbon steel 1010 tube (OD 25.4 mm, 2mm thick) are shown 

in Fig.2.6, and it can be easily indicated that this design is solid. Safety factor describes the 

capability of a system to carry loads beyond the expected loads. It has to be larger than 1 

for any system to be considered safe.  Fig.2.6 (a) shows that the minimum safety factor is 

7.577, which indicates that the structure is safe and strong. And Fig.2.6 (b) shows that the 

maximum deformation is less than 1 mm, which is good while using. More results can be 

found in Appendix E. 
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Figure 2-6(a) FEA result-Safety Factor                                (b) FEA result- Deformation 

2.2.6  Fabrication of Prototype 

Fabrication was done by Engineering Machine Shop and cost around $3000. Other 

components, including actuators, electronics, and harness, cost around $1000. For batch 

production, the manufacturing cost could be greatly reduced. A set of shop drawings with 

detailed annotation was created for fabrication (See Appendix F). A detailed cost 

estimation table can be found in Appendix C. 

2.3 Electronic Design 

2.3.1 Connection of All Modules 

Before talking in detail about each module, it is necessary to introduce the role each 

part plays in the whole project. Fig. 2.7 is the functional block diagram that shows the 

connection of all modules and electronics. All parts can be classified into the following 

categories:  

1. Input Data: force sensor readings; position sensor readings; height and weight input 

from keypad and screen module; audio level and speech.  

2. Microcontrollers: Arduino Mega boards: one for the main algorithm, another one 

for sound detection and voice recognition.  
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3. Output Device: two linear actuators that go up and down. (It is also possible to add 

motor wheels in the future.) The speaker gives users speech command instructions 

and ask their intentions.  

4. Power Supply: Two batteries and one DC voltage regulator.  

 

Figure 2-7 Functional Block Diagram of Electronic Sensors Used in Rehab Robot Design 

Firstly, the user inputs his height and weight through Keypad and Screen module, 

hence, important references, such as theoretical best height, emergency stop threshold, and 

adjustment threshold will be set base on the input data. Secondly, when it is in use, all the 

sensors keep on sensing surrounding information consistently, including force applied on 

walkers, current walker position, environment sound level and people’s speech if there is 

any. According to these data and the communication between two Arduino Mega boards, 

the algorithm will be able to determine which state the walker is in, the user’s intentions, 

and react correspondingly. Afterward, once the actions had been decided by Arduino 

microcontrollers, signals will be sent to the Scorpion XXL DC motor controller to control 
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the motion of the two linear actuators. At the same time, the sensors monitoring the status 

until the desired position has been reached. It is closed-loop control.  

2.3.2 Actuators and Transducers 

Major electronic components in this design are actuators, force sensors and position 

sensors, which realize lifting function and collect data for patient condition detection and 

further test and analysis.  

Two actuators used in this design have a stroke of 350 cm and provide 445 N (100 

lbs) vertical forces each, to fit a man as to fit a man as tall as 185 cm (6’2”) and weighs 

883 N (90 kg or198 lbs). The actuator speed is adjustable and can be as high as 7 cm/s at 

maximum. Therefore, it will be able to lift the user within 5 s to a height of 1.1m, which is 

appropriate for patients and elders. 

Two force sensors, which are capable to measure 100 kg load maximum each, along 

with a pair of position transducers are used to measure force change along height during 

STS process for control algorithm development and measurements. 

Other details and pictures for this part can be found in Appendix K.  

2.3.3  Control Modules 

This project is defined by Arduino chip, an open-source platform consisting of both 

Arduino microcontroller and Integrated Development Environment (IDE). Two Arduino 

Mega circuit board were used in this design: one is for communication among electronics, 

another one is for voice control. The Mega board connected to the motor driver directly is 

powered up by the motor controller itself, while the other one is powered up by the 

batteries, as well as transducers and actuators. The two-channel motor controller (Scorpion 

XXL RC) provides 20A continuous current (12 V) for each channel, which is ideal for 

controlling two 12A actuators. 

The two batteries, used as DC power supply, contains 35 Amp Hr power each and 

provided 12 Volt output (theoretically). However, when used in the project, two batteries 

were connected in a series circuit and provided an output ranged from 22 V – 26 V 

depending on the percentage of charge. Hence a DC power regulator was used to regulate 
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the output voltage to be 12 V constantly to eliminate the errors of sensor readings caused 

by the unstable current.  

Voice recognition provides another way of control and also helps in detecting 

abnormal cases and assuring safety. The EasyVR module [25] was used for voice 

recognition in this design, and it works along with SparkFun Sound Detector, an audio 

sensing board for microcontrollers. A speaker, that provides instructions and real time 

responses, has been selected to be a part of voice recognition function.  

Data input is important this project, since the algorithms need data from users, (such 

as height and weight), to determine the thresholds for abnormal overload cases, and 

theoretical best walker height for each user. Therefore, a 4*4 Keypad Module and a liquid 

crystal 16*2 module was selected and they created the interface for data input together.   

Keypad, screen along with the voice recognition modules contributed in improving 

the interaction between the user and the device.  

Details for this part can be found in Appendix K. 
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 MOTION CONTROL ALGORITHMS FOR SIT-TO-STAND  

In order to attain the objective of helping users for STS motion and assisted-

walking, four control algorithms have been designed for this device. Two of these are 

developed for arm-pad support motion, while belt support and handlebar support motions 

each has one algorithm, respectively. In the two arm-pad support algorithms, the body 

weight based arm-pad support algorithm which contains the key idea for all three arm-pad 

support and belt support algorithms. Another arm-pad support algorithm (applied force 

based) was further developed to meet patients’ needs, and also to explore application of 

simple principles of statistics in the smart walker area. The body weight based arm-pad 

support algorithm is discussed below. 

3.1 Introduction of Control Algorithms 

3.1.1 Test 3 Algorithm (Body Weight Based Arm-pad Support Algorithm) 

Phase 1: 

This algorithm is the most essential one in all four algorithms. It determines 

whether the walker is in use through sensing if the actuators are in the initial position and 

detecting whether there is an applied force bigger than a set force, f_trigger, which was set 

to 5 lbs. If yes, this walker will go to a “theoretical best position” at a speed 7.1 cm/s and 

provides supportive vertical force to user's arms at 100 lbs for each side. During this 

process, the user is supposed to put their arms on arm-pads and hold two vertical handlebars 

in front of their body leans their body weight into the arms to stand up.  

Based on the user’s height, a theoretical best position is calculated. However, since 

people have different body proportions, this theoretical best height could not fit all users 

comfortably during walking process. Hence, after reaching the theoretical ideal height, this 

algorithm goes into an adjustment phase, allowing users to adjust the height to the most 

comfortable position.  

Phase 2: 

In this phase, the walker adjusts its height from 8 mm downwards each time when 

pushed by the user, and move upwards to 8 mm when it “feels” the vertical handlebar is 
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pulled. The threshold to adjust downwards is 20% of the body weight, which is set 

according to Body Segment Data [17] and some simple test results, respectively, shown in 

Fig. 6 and Fig. 7. But for possible commercialization, this value may need to be adjusted 

after further research. The threshold for upward adjustment is set equal to the device 

inherent friction force (a force that can be detected when the upper frame is lifted up, due 

to mechanical components interaction), which is about 11 lbs tension force (Simple 

experiments were done to test the inherent friction force). Whenever a force smaller than 

this threshold is detected, it can be assumed that the device is being pulled, and the rehab-

walker will adjust upwards in response.   

Phase 3 

When the height of walker is not changing for 5 s, the walker assumes the user is 

comfortable with the current position and terminates the adjustment phase and enters the 

steady-state phase. Considering users may apply more forces than 20% body weight on the 

walker while walking, the walker height will stay locked, as long as a steady state has been 

detected.  

Furthermore, if no forces are detected for two minutes, the walker assumes the user 

has left and retracts to its initial position.  

Abnormal Cases: 

Aside from the manual emergency stop button, which is installed on the right 

vertical handlebar, safety is also one of the main considerations for algorithms design. 

Three abnormal cases were considered:  

A. Readings from force sensors cannot be larger than a user’s body weight. If that 

happens, it may indicate that an emergency has taken place. It is very likely that the 

user gets stuck and suffers from a high possibility of being harmed. It is also 

possible that the force sensors are not working properly; hence the algorithm will 

not work properly. This case is considered as most hazardous and walker will stop 

immediately for 5 s to allow the user to either push the emergency button or leave 

the walker.  
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B. Before falling into the steady state, if the net force applied on the walker is zero, it 

assumes that the walker is not in use at this moment. Then it will stop immediately. 

However, once a force bigger than the inherent friction force is detected, 

movements will resume right away.  

C. The readings from position sensors are bigger than maximum height the walker 

could reach. This case is most likely caused by abnormal device conditions and 

possibly prevents the algorithm to work properly. Hence the walker will also stop 

for 5 s for the user to respond in this case.  

The algorithm flow chart is shown as Fig.3.1. Generally speaking, it follows six 

steps as below, and it screens abnormal cases during all steps: 

1. Intake user’s data (height and weight).  

2. Detecting a trigger to start rising if the walker height has not yet raised up (at the 

initial position).  

3. Lift the user to the theoretical best position. 

4. Adjusting the height according to the user’s intention (lifts or pushes the vertical 

handlebars).   

5. When no height adjusting intention is detected for 5 s, the algorithm enters steady 

state, a state that the height is locked regardless of applied forces. 

6. Keep on detecting forces.  If no applied force is detected for 2 minutes, it assumes 

the walker is not in use and will command it going back to the initial position.   
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Figure 3-1 Flow Chart of Body Weight Based Arm-pad Support Algorithm (Test 3 Algorithm)  



28 

 

3.1.2 Test 2.1 Algorithm (Applied Force Based Arm-pad support Algorithm) 

The algorithm for Test 3 (Body Weight Based Arm-pad Support Algorithm) works 

well for people who barely need to lean their body weight on the walker while walking.  

However, for people with more severely impaired lower limb functions, this algorithm is 

problematic. Since these people lean part of their body weight on their arms while walking, 

and need supportive vertical forces provided by the walker, this algorithm will face two 

problems: 1) People may apply more than 20% of their body force even in normal standing 

position; hence, 20% cannot be used as a threshold to adjust the walker downward. As the 

walker may keep on lowering down; 2) Patients may not be able to lift the upper frame, 

since their legs are not strong enough and they need to lean on the walker all the time while 

standing; therefore, the upward threshold cannot be used for this case as well.  

Due to these two problems, another algorithm, which sets thresholds based on 

actual force applied on the walker, was designed.  

According to simple tests results (see Fig.3.9) that studied the relationship between 

walker height and the force that can be applied to arm-pads, it can be found that after the 

user has stood up, arm forces applied on the walker will not change markably, unless this 

walker has been raised to a much higher position than theoretical best height. Therefore, 

the algorithm commands the walker to stop for 1-2 seconds after finishing reaching the 

theoretical best position, and take the averaged readings of force sensors as f_standard, 

threshold reference. After some simple experiments and observations, the downward 

threshold was set to be 120% f_standard, and upward threshold was set to be 85%, in order 

to keep a reasonable range of adjustment sensitivity.  

Besides, according test results, the force applied on the device decreases along the 

raise of walker, if it keeps on going up after best practical position has been reached. This 

principle has also been adopted by the algorithm. Each 8 mm (one adjustment) higher to 

best position results in 4% decrease of f_standard. However, since the best practical height 

has not been found at this phase, the theoretical best position is used as the reference.  

Furthermore, the statistical principle has also been adopted by this algorithm. Each 

position passed by the walker during adjustment process will be marked with a specific 
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index number. After 12 adjustments, the position(s) passed most in the last 4 adjustments 

will be averaged and taken as the best practical position for the user, and will be reached.  

Steps:  

The steps of this applied force based algorithm are basically the same as previous 

algorithm for Test 3, except for step 5. In this step, not only 5s’s no height change will lead 

to the steady state, 12 times adjustments will also result in the completion of adjustment 

state. Once the adjustment is considered finished, the actuators will go to the statistical best 

position and then enters into steady state phase.  

1. Intake user’s data (height and weight).  

2. Detecting a trigger to start rising up, if the walker height has not yet raised up (at 

initial position).  

3. Lift the user to the theoretical best position. 

4. Keep on adjusting the height according to the user’s intention (lifts or pushes the 

vertical handlebars).   

5. When no height adjusting intention is detected for 5s, the algorithm enters steady 

state, a state that the height is locked regardless of applied forces. If the walker has 

been adjusted for 12 times and still not able to enter steady state, find statistical best 

position and reach this position. 

6. Keep on detecting forces.  If no applied force is detected for 2 minutes, it assumes 

the walker is not in use and will command it going back to the initial position.   

Flow chart of this algorithm is shown in Fig.3.2.  
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Figure 3-2 Flow Chart of Applied Force Based Arm-pad Support Method (Test 2.1 Algorithm) 

3.1.3 Test 5 Algorithm (Belt Support Algorithm Based on Body Weight) 

The core part of Algorithm for Test 5 is similar to Test 3 Algorithm. However, this 

firstly drives walker to a higher position, which fits the belt support, and then lowers down 
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to the theoretical best arm position for walking. The adjustment phase and steady phase 

will take part afterward. 

Assisting belt support method is the major goal of Test 5 algorithm. At first, the 

user puts on the harness, and hangs it on the upper frame of the walker. Later, as the rise 

of upper frame, the belt will tighten up and move upwards, hence provides a supportive 

force for STS from the bottom. This algorithm will lift people to standing position, as 

shown in Fig. 4.10 and the user only needs to adjust his/her gesture to complete the STS 

process. Upon current mechanical design, to achieve this goal, upper frame should be lifted 

much higher than the best arm position for walking. Therefore, though Test 3 and Test 5 

share similar core algorithms, algorithm for Test 5 goes to a higher position first, delays 5s 

for gesture transition, and then lowers down to theoretical best arm position for walking. 

Then the adjustment and steady state phases will take part. Detailed steps are listed below: 

Steps: 

Compared with steps for test 3 algorithm (applied force based arm-support 

algorithm), only step 3 is different: 

1. Intake user’s data (height and weight).  

2. Detecting a trigger to start rising, if the walker height is not yet raised up (at initial 

position).  

3. Lift the upper frame to the calculated ideal position for belt support at full speed 

(7.1 cm/s). Delay 5s for the user to complete gesture transition, and then lower it 

back at a speed of 3 cm/s to “calculated best position” for walking.   

4. Keep on adjusting the height according to the user’s intention (lifts or pushes the 

handlebar).   

5. When no height adjusting intention has been detected for 5s, the algorithm enters 

steady state, a state that the height is locked regardless of applied forces.  

6. Keep on detecting forces.  If no applied force has been detected for 2 minutes, it 

assumes the walker is not in use and will command it going back to the initial 

position.   
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The flow chart of this algorithm is showed in Fig.3.3. 

 

Figure 3-3  Flow Chart for Body Weight Based Belt Support Method (Note: Only Steps in Red 

Boxes are Different from Body Weight Based Arm-pad Support Lifting Method (Test 3)) 
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3.1.4 Test 2.2 Algorithm (Simple Handlebar Support Algorithm) 

It is a simple algorithm designed to follow the trajectory of user’s hands in standing 

up process. In this process, the user in sitting position pushes the handlebars first and raises 

the body center of gravity. At this stage, the hands stay at the same height as handlebars to 

hold them. Afterwards, when the body weight gravity has risen to a higher position, the 

hands have to follow the trunk and raise up as well.  Hence the position of handlebars also 

needs to raise, in order to be held by the hands and provide effective and comfortable 

vertical supporting forces.  

Therefore, to match this procedure, in this algorithm, walker detects the standing 

up process at the very beginning, however, keeps on staying at initial position for 1s, then 

goes up at the speed of 3cm/s to the best calculated handlebar position for walking. 

When people are using handlebar assistance while walking, the angle between 

forearm and upper arm does not necessarily need to be 90 degrees, and they can adjust their 

bodies more freely than the method of arm-pad lifting. As a consequence, users still feel 

comfortable; even the height of handlebar has several centimeters’ difference to the 

position that fits them best. Hence, no adjustment phase is designed in this algorithm, since 

it is not necessary. This strategy also keeps the algorithm simple and easy to use. 

The position upper frame finally reaches its calculated position from a general 

formula that fits curve of the following plots, as discussed in section.3.3.5. However, this 

algorithm is still a concept designed partially based on general observation of human 

behavior and further research may be needed.  

Steps: 

1. Intake user’s data (height and weight).  

2. Detecting a trigger to start rising, if the walker height is not yet raised up (at initial 

position).  

3. Delay for 1s once a vertical force is detected. 

4. Going up to the calculated best position for handlebar holding while walking, and 

then enter steady state phase. 
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5. Keep on detecting forces.  If no applied force has been detected for 2 minutes, it 

assumes the Walker is not in use and will command it going back to the initial 

position.   

 

Figure 3-4 Flow chart of Simple Handlebar Supporting Method 
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3.2 How Modules Work Together  

In order to help users utilize this walker freely, the keypad and screen module (as 

devices allowing data input) has been adopted by this system and also integrated into the 

whole control algorithm. Besides, to enhance systemic safety and improve controllability, 

a sound detector and voice recognition module has been integrated as well.  

The basic idea is to help users control this device and stop emergency cases.  Firstly, 

if it detects loud noise, the system stops immediately and “ask” the user how he/she would 

like to control it. Then it will follow the commands from the user until it is commanded 

going back to automatic control. If not answered, the device will keep on “asking” 5 times, 

which will take around 1 minute; hence, this ensures enough time for the user to respond 

to the emergency case. This system will then go back to automatic control itself. Thereby, 

if the user feels something is wrong at any time, he/she could speak loudly, stop the walker 

immediately and take over the control of this device. More functions of voice control can 

be developed as needed for possible future commercialization.  

When integrating with essential control algorithms, the keypad input part is 

designed to be the first part of the whole algorithm in order to take user’s height and weight 

to calculate the theoretical best position for the specific current user. The voice detection 

and recognition algorithm is running on another Arduino module all the time and checking 

the status at a 0.1 s frequency basis. This frequency is high enough to detect any voice at 

once (details see Chap.3.3.3).  

A schematic flow chart contains all the modules for Algorithm Test 3 is showed in Fig.3.5. 
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Figure 3-5 Flow Chart of All Modules Integration Algorithm  
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3.3 Control Algorithm Development 

3.3.1 Body Weight Ratio 

The algorithm for Test 3 is a body weight based arm-pad support algorithm, which 

means it takes body weight ratio as an important reference to determine upward or 

downward adjustment. From research result in 1996 [17], as shown in Table 3-1, Human 

upper limb weight, including hand, upper arm and forearm on both left and right side, 

should be: 

(0.585% + 2.63% + 1.5%) ∗ 2 = 9.43% of Body Weight 

Table 3-1: Body Segment Data [17] 
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However, body proportion for each person may vary, thus tests were applied to 4 

participants as shown in Table 3-2 and it was found that 20% body weight, which was a 

little larger than the maximum upper limbs/body weight ratio, was an easy to operate 

threshold for normal people. It is to say, for people who can stand by themselves, they 

normally apply no more than 20% of their body weight while standing. If a larger force is 

detected, it can be interpreted that the user pushes the upper frame to lower down the 

walker.  

Table 3-2:  Upper Limb Percentage of Participants 

 

For future development, large-scale tests need to be acquired, to determine a more 

accurate threshold for the body weight ratio.  

3.3.2 Relationship between Walker Height and Applied Arm Force 

In order to understand the relationship between maximum applied arm forces and 

the height of arm-pad, a test (Test 1-2) was designed. In this test, participants were asked 

to act as a patient and lean on the walker to stand, and the walker would keep on going to 

a maximum high position of 110 cm. Typical results of this test are shown in Fig.3.6 and 

Fig.3.7. In these two charts, the brown dash line was used to indicate the most comfortable 

position for each participant. It is clearly shown that, after the ideal position had been 

reached, the forces applied on arms decreased dramatically, and maintained relatively 

stable after the walker stopped at the highest position. Furthermore, according to the charts, 

the forces that participants applied at the highest position, while straight standing, were 

much lower than their ideal position, and the ratio ranged from 20%-40% of their body 

weight. Hence, along with real practical algorithm experiments and participants’ feedback, 

a 4% body weight decrease for each 8 mm adjustment was estimated as the parameter for 

upward threshold in this project. 
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Figure 3-6: Test 1-2 Results: Body Weight Ratio vs. Time 

 

Figure 3-7: Test 1.2 Results: Body Weight Ratio vs. Height 

3.3.3 Time of Each Syllable 

One consideration for the sound detection algorithm is that the module should not 

miss any sound made by people so that it can stop the machine immediately when users 

make any abnormal loud sound. Thus, no single word, or even one syllable should be 

missed.  
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Figure 3-8: Data of Speaking Rate [18] 

Fig.3.8 shows the speaking rate for TED talks, which could be considered as typical 

speaking rate. Hence, the average syllable rate can be calculated as follows: 

200 + 235 + 238 + 232 + 236 + 270 + 244 + 267 + 271

9
= 243.67 𝑠𝑦𝑙𝑙𝑎𝑏𝑙𝑒/𝑚𝑖𝑛 

The average time each syllable take should be: 

60

243.67
= 0.246 𝑠/𝑠𝑦𝑙𝑙𝑎𝑏𝑙𝑒 

Thereby, the gap between two sound detections was designed to be 0.1s, less than 

one-half of the time taken by each syllable in average. Hence it should be sensitive enough 

to detect any audible sound. Maybe add a reference.  
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3.3.4 Calculation of Theoretical Best Arm Height 

 

Figure 3-9 Chart of Users Height and Corresponding Comfortable Standing Table Height [15, 

19] 

 

Figure 3-10 Curve Fit Result of Standing Arm Height Data. 
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position first, and then adjust and slightly around this height until the practical best position 

was found.  

Therefore, finding a general (theoretical) best position for each user became the 

first problem. According to the research of ErgoPrise company [15], the corresponding 

standing table height, which can be considered as the best arm height for users with 

different heights, has been found as shown in Fig. 3.10.  A curve fit was done in Excel to 

derive the formula: 

 𝐴𝑟𝑚 𝐻𝑒𝑖𝑔ℎ𝑡 = 0.0022𝑥2 − 0.0422𝑥 + 48.667 Equation 3.1 

Where 𝑥 is user’s height in cm.  

Hence, the theoretical best height can be calculated from user’s height, which is 

input through the keypad and screen module as described in Chap.2.2.3. 

3.3.5 Calculation of Handlebar Height 

Handlebar algorithm development was a secondary objective of this research 

(Details see Table 1-1). From general observation of people who were using walkers 

(Fig.3.11), it was found that the angle between forearm and horizontal frame should be 

around 30 degrees.  
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Figure 3-11  How People Actually Holds the Walker, and Schematic Diagram [15] 

According to the previous section, the corresponding position of arm height while 

standing can be calculated from the user’s height. And from Fig.3.11, when one is using a 

walker, the best height of their hands can be approximately calculated from the following 

function: 

𝐻𝑎𝑛𝑑𝑙𝑒𝑏𝑎𝑟 𝐻𝑒𝑖𝑔ℎ𝑡

= 𝐴𝑟𝑚𝑝𝑎𝑑 𝐻𝑒𝑖𝑔ℎ𝑡 − (𝐹𝑜𝑟𝑒𝑎𝑟𝑚 𝐿𝑒𝑛𝑔𝑡ℎ +
1

3
 𝐻𝑎𝑙𝑓 𝑃𝑎𝑙𝑚 𝐿𝑒𝑛𝑔𝑡ℎ) ∗ 𝑠𝑖𝑛30𝑜 

The half-length of the palm was estimated to be 5 cm in general, and the 

corresponding length of the forearm can be determined through a curve fit of the chart in 

Fig.3.12, which is body proportion data collected by Elert et. al. [16]. The function for this 

curve was found to be: 

𝐹𝑜𝑟𝑒𝑎𝑟𝑚 𝐿𝑒𝑛𝑔𝑡ℎ = 0.0959𝑥 + 9.9745 
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where x is user’s height. Hence, when user’s height is known, the best position for 

handlebar height would be:  

 𝐻𝑎𝑛𝑑𝑙𝑒𝑏𝑎𝑟 𝐻𝑒𝑖𝑔ℎ𝑡 = 0.0022𝑥2 − 0.09015𝑥 + 41.1798 Equation 3.2 

 

Figure 3-12 Research Data of Body Proportions of Upper Limbs [20] 

3.3.6 Phases of STS Process  

Janet A. Kneiss et. al [16] investigated the process of STS in 2014 and found it had 

two phases as shown in Fig.3.13. In the preparation phase, the patient is preparing to stand 

up and start to put more forces on their legs after a short muscle contraction period in the 
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beginning. Later, the patient rises on their legs and adjusts to a straight standing posture, 

as shown in the Rising Phase. This finding matched the results of Test 4-1 very well, which 

can be found in Chap.4.6. And, it played an important role in devising algorithms and 

classifying phases for each algorithm in this project.    

 

 

Figure 3-13 Phases of STS Process. vGRF_bilateral: The Summed Vertical Ground Reaction 

Forces Applied Under the Right and Left Foot. [16] 
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 RESULTS AND ANALYSIS 

In this chapter, the test results of the control algorithms discussed in Chapter 3 are 

presented, analyzed and compared.  Five participants took part in the tests, and their data 

was collected. However, only typical data from three participants, who entirely completed 

all eight tests, will be discussed here. Their initials are H.X., R.F., and D.B. Also, different 

charts were implemented for analysis and demonstration purposes, and brief descriptions 

of these are given below: 

Height vs. Time: This chart shows how the height of arm-pads on the walker 

changes during different phases.  

Force on Frame (Arms) vs. Time: This chart shows how the force recorded on force 

sensors (installed under the arm-pads) changes over time. These readings basically reflect 

forces applied by a user’s arms, but it also includes the partial weight of the upper frame.  

Load on Legs vs. Time: This chart shows how a load sensor (installed on the lower 

platform for users to stand on) readings change over time. The readings reflect forces 

applied by a user’s legs, but it also varies while the standing posture is transiting.  

Total Force vs. Time: The total force is roughly measured by summing up readings 

from the upper force sensors (measuring forces from hands) and lower load sensors 

(measuring forces from legs). Hence, it is only meaningful when the user has left the chair 

and all their body weight is applied to these four force sensors.  

Table 4-1 Test List and Simple Index 
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4.1 Arm-Pad Support Tests 

4.1.1 Test 3: Test of Body Weight Based Arm-Pad Support Algorithm 

Introduction of Phases 

There are three phases in this algorith Fig.4.1 shows the whole test process: 

Phase 1: The user stands up while the walker is providing vertical lifting forces on 

their arms during the STS process until it reaches a calculated height based on Equation 1.   

Phase 2: The walker stops for 1 s and for the user to complete the posture transition 

process and then adjusts to the best height of the user. 

Phase 3: The walker detects that the adjustment has finished and then falls into a 

steady state.  
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(a) Initial State                             (b)   STS State                             (c) Posture Transition  

 

(d) STS Completed                         (e) Adjusting Phase                     (f) Test Completed 

Figure 4-1 Test of Body Weight Based Arm-pad Support Algorithm 

Fig.4.1 (a)-(d) show that the participant has completed the STS process with the 

help of the rehab robot, especially when the participant experiences a posture transition 

process as shown in (c) and (d). In (e), the participant has completed the adjusting phase 

and afterward, the algorithm fell into a steady state, where the walker height stayed fixed 

even though no force was applied (f).  
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Figure 4-2 (a-c): Results of Body Weight Based Arm-Pad Support Algorithm 
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 Figure 4-2 (d):  Results of Body Weight Based Arm-Pad Support Algorithm  

Analysis 

The data of participant H.X. was used for following analysis, and the detailed 

results are shown above (Fig.4.2). 

Phase 1: In this phase, there were several obvious observations: The walker height 

started to increase after a short fluctuation period at the very beginning, and finally 

stabilized at 1050 cm. The force applied on the arms reached a maximum of 69 lbs at 

around 2 s. Excluding the inherent friction force of the device, which was 11 lbs in this 

test, the maximum value would be 58 lbs, which was 53% of body weight (Participant 1 

weighs 110 lbs). For the force applied on the legs, it increased to 58 lbs during the first 2 

s, remained relatively stable for around 2.5 s, and then continued ascending after a short 

drop. The total force (Fig. 4.2(d)), which was defined as the summation of force applied 

on the arms and legs, reached a local maximum of around 120 lbs at 1.5 s. This value is 

generally equal to the participant’s body weight (110 lbs) and the device’s inherent friction 

force. Though it dropped around 50 lbs at the junction of phase 1 and phase 2, this value 

remained at around 120 lbs afterward. Hence, according to all the observations discussed 

above, it can be indicated that the user left the stool at around 1.5 s, and then applied to 

50% body weight both on the arms and legs until they fully arose.  
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Phase 2: In this phase, readings of the position sensor only fluctuated when an 

adjustment took place. A short delay period of 1 s was designed for the posture transition 

of users, as shown in Fig.4.1 (c-d) at the beginning of phase 2. Correspondingly, the force 

applied to the arms continued to decrease after phase 1 to 18 lbs (7 lbs after the device’s 

inherent friction force was subtracted), while the force applied to the legs finally increased 

to 100 lbs (90.9% of body weight) after three fluctuations due to adjustments. There were 

three adjustments in this phase. The first one occurred during the posture transition process, 

where the main supporting limbs changed from arms and legs to only legs. Since the force 

applied to the arms was still greater than 20% of body weight at an earlier stage, the walker 

detected the push and adjusted downwards once. After the posture transition was 

completed, the user pulled vertical handlebars twice and adjusted the walker to her best 

height. According to Fig.4.2 (b), the minimum force applied on the frames was 10 lbs, less 

than the device’s inherent friction force (11 lbs), which indicated the upper frame had been 

pulled. Forces applied on the legs increased correspondingly, and led to a relatively stable 

total force as shown in Fig.4.2 (d).  

After this process, the STS was fully completed, and the participant stood straight 

and leaned on her legs while the forearms only bore their own weight.  

Phase 3: After around 5 s of the last adjustment, the algorithm entered phase 3—

the steady state phase. In this phase, the height of the walker stayed invariant, and forces 

applied to the upper frame and legs also remained stable. One exception was around 25 s, 

marked with a brown dash line. In this position, the user moved her hands off the upper 

frame and fully completed the test, which resulted in a force increase on the legs and a 

decrease on the upper frame.  

Results Comparison  

Force on Arm/Body Weight Ratio: The ratio of pure force applied on the arm-pads 

was divided by the body weight of the participant. 
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Figure 4-3 Result Comparison of Body Weight Based Arm-Pad Support Algorithm 

As can be seen in Figure 4.3, the maximum arm force/ body weight ratio of 

participant T.Z. was as high as 60%. For other participants, this ratio was around 50%. The 

pattern of applied arm force for all participants was very similar. Almost all of them left 

the stool at 1.5 s, then went through a posture transition process, and started the adjustment 

phase later, and finally fell into a steady state. However, participants had their own specific 

method of posture transition and the times of adjustments also ranged from two or three to 

nearly ten seconds. 

4.1.2 Test 2-1: Test of Applied Force Based Arm-Pad Support Algorithm 

Phase Introduction and Analysis 

Generally speaking, Test 2-1 is very similar to Test 3, with the exception that this 

algorithm uses the applied the force based method to determine upward and downward 

thresholds during the adjustment stage, rather than to body weight based method. Hence, 

according to Figure 4.5, the result patterns are similar to Test 3, except in phase 2—the 

adjustment phase.  
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(a) Initial State                                         (b)  STS State                              (c) Posture Transition 

   

             (d)   STS Completed                           (e) Adjusting Phase                     (f) Test Completed 

Figure 4-4 Test of Applied Force Based Arm-Pad Support Algorithm 

During phase 2, the delay period was 1 s, and the reference for upward and 

downward thresholds was the average of forces applied on the frame minus the device’s 

inherent friction force during the delay. However, this force was bigger than the force 

healthy people normally applied on the upper frame while standing, since they had enough 

strength to support themselves using their legs and did not need to lean on the walker while 

walking and standing straight. Hence, sometimes the walker went upwards automatically 

when tested by healthy participants because normal people apply less force than the 
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upwards threshold (though they were asked to act as a patient) and would just need to push 

it down to a more comfortable position. Because of this, the adjustment phase for this 

algorithm was generally longer than what was seen in Test 3. But this algorithm did have 

an upper limit of 12 times adjustment and a statistical method to process the best height, 

and most participants were able to find their comfortable position. The whole process is 

shown in Figure 4.4.  
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Figure 4-5 Results of Applied Force Based Arm-Pad Support Algorithm 

Results Comparison: 

As can be seen in Figure 4.6, most phases had a similar pattern. However, everyone had 

their own way to complete the posture transition phase and adjusted the walker in 

different ways during phase 2. Someone, (like D.B.) adapted this algorithm very well, 

while some other participants (like H.X.) with lighter upper limbs, needed to invest more 

effort for every adjustment. During the STS process, the supportive forces provided by 

the upper limbs ranged from 45% to 55% of body weight, which was similar to Test 3.

 

Figure 4-6 Result Comparison of Applied Force Based Arm-Pad Support Algorithm 
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In general, this algorithm took participants less than 5 s to stand up and then 25 s 

more for posture transition and adjustment phase. It did achieve the goal of assisting STS 

since the upper limbs shared around half body weight in this process, according to Fig.4.6.  

However, during the height adjustment phase, it took more attempts to reach the practical 

best height.  As well, the forces applied on the arm-pads oscillated more aggressively when 

compared with Test 3-1, the body weight based algorithm. This may indicate that the 

walker is harder to control using this algorithm.  

Algorithm Issues 

In general, people adapted differently to this algorithm. For stronger people who do 

not need supportive forces from their arms, it was less convenient than a body weight-

based algorithm (Test 3). However, for patients who have malfunctioning lower limbs, this 

test has the potential to fit most types of patients well, regardless of their body proportions, 

standing postures, and how much force they rely on when using the walker. More large 

scale tests and further algorithm development are needed before this device becomes 

widely used or commercialized. 

4.1.3 Test 1-1: Basic Arm-Pad Support Test 

The Phases 

Different from Test 3 and Test 2-1, this test serves to compare and evaluate 

developed algorithms. Each user’s best arm position had been preset, and the walker was 

set to the best practical position directly, without any adjustment. Thus, it revealed the 

complete process of arm-pad support when standing up the process, and can be used to 

compare the two algorithms with adjustment phases. The whole process is shown in Figure 

4.7, and results can be found in Figure 4.8. 

Phase 1: Very similar to the first phase of Test 3 and Test 2-1. The walker provides 

a vertical lifting force to the user’s arms to assist with the STS process. However, the 

walker rises directly to a known best-fit height rather than a theoretical best-height 

calculated by a general formula.  

Phase 2: Walker stops, and the user is asked to stand straight and steady and then 

to move their arms off the device.  
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Analysis: 

Phase 1: The forces applied on the user’s arms continued to increase until it reached 

the first peak of 63 lbs (53 lbs pure arm force, 48.2% of body weight) at 1 s. Then, though 

it oscillated somehow, the force applied on the frame was maintained at around 60 lbs, and 

only started to drop at the last second of Phase 1. The load on the legs ascended rapidly 

during the first 1.5 s, and then slowed down the ascending and reached 55 lbs (50% of body 

weight) at the end of Phase 1. The total force on the legs and force on the frame rose quickly 

in the first 1.5 s and then remained stable at around 110 lbs. Hence, it can be interpreted 

that the participant left the stool after 1.5 s had elapsed.  

   

(a) Initial State               (b)   STS State          (c)  Posture Transition      (d) Fully Standing 

Figure 4-7 STS Process for Test 1-1 

Phase 2: According to the graph, the user completed posture transition at around 

t=8.5s. In the transition process, as with the results of Test 3 and Test 2-1, the supportive 

forces from the arms continued to drop as the force applied on the legs increased from 60 

lbs to 100lbs, almost total body weight (110 lbs), minus the user’s forearms. Later, the user 

moved her arms away from the arm pad, and the graph of Force on Frame showed a device 

inherent friction force of 11 lbs, while the load on the legs increased to 110 lbs, the full 

body weight of the participant. 
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Figure 4-8  (a-c):  Results for Basic Arm-Pad Support Test 
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Figure 4-8 (d):  Results for Basic Arm-Pad Support Test 

 

Figure 4-9 Result Comparison of Basic Arm-Pad Support Test  
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4.2  Belt Support Test: Test 5 

The Phases 

The idea of Test 5 is to assist people completing the STS process with the help of 

belts. Test participants wear the belts at sitting state (initial state), and the belts will provide 

an upward lifting force and drag them up. The walker will rise and provide vertical upward 

forces to arms at the same time. After the participants have been lifted to a higher position, 

they can simply stretch their legs to stand by themselves, all motions will be stopped for 5 

s, allowing participants to complete posture transition process. Then, the walker will lower 

down to a calculated theoretical best arm height for standing and walking, and allows 

participants to adjust it further until the practical best height has been reached. The belts 

will also help in supporting participants and preventing falls during the walking process. 

Phase 1：The walker lifts the user to the standing state using belts, as shown in 

Figure 4.10 (a-c). 

Delay: There was a delay of 5 s to wait for the users to complete their posture 

transition process. In this process, people will switch to leaning on their legs to stand, rather 

than relying on the harness. This process is shown in Figure 4.10 (d).  

Phase 2: The walker moves downward at a speed of 3 cm/s until a comfortable 

height for the arms while walking is reached, as shown in Figure 4.10 (e).  

Phase 3: The walker stops for 1 s for the user to adapt to the walking posture and 

then adjusts to the best height of the user, as shown in Figure 4.10 (f). 

Afterward: The walker detects that the adjustment has finished and falls into a 

steady state (height locked). 
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(a) Initial State                                 (b) STS State                             (c) Posture Transition 

  

(d) Posture Transition Completed        (e) Lowering Down         (f) Practical Best Height Reached 

Figure 4-10 Test Process of Belt Support Algorithm 

Analysis 

Phase 1: In this phase, the readings of position sensors increased linearly after a 

short fluctuation at the beginning, and finally reached a relatively stable height of 109cm. 

The forces applied on the upper frame reached a maximum of 95 lbs after 3 s. After the 

device’s inherent friction force of 13 lbs (includes the weight of belts) was subtracted, the 

net force was 82 lbs, which was around 75% of body weight (110 lbs). During this stage, 

the belts stayed in tension and provided vertical supportive forces from the bottom.  
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Delay: The user transited her posture during the conjunction of phase 1 and phase 

2. Correspondingly, in this period, the force applied on the legs continued to increase to 

about 48 lbs, while the arm force reduced during the posture transition period.  

Phase 2: In this phase, the walker kept on moving down, which resulted in a 

slackness of the harness. The final force applied on the upper frame remained around 20 

lbs, which constituted 7% of body weight after the device’s inherent friction force was 

subtracted. This percentage was approximately the weight of the forearms according to 

Figure 4.11 (b). At this moment, the weight of all other body parts was generally supported 

by the legs.   

Phase 3: In this stage, except for two upward adjustments operated by the user, the 

readings from the position sensors and force on the arms stayed relatively stable.  
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Figure 4-11 Results of Belt Support Algorithm 
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Tests Comparison: 

 

Figure 4-12 Result Comparison of Belt Support Algorithm 

Analysis: Each stage had a similar pattern for different participants. However, all 

the postures, including how people used the belt for assistance, how and when they stood 

on their legs, and when they completed the posture transition period, varied between 

individuals. During the STS process, the vertical supportive force provided by the harness 

ranged from 58% to 75% of body weight. In the adjustment phase, most participants 

reached their most comfortable position after only 2 or 3 attempts.  

According to Fig.4.12, the whole STS and height adjustment phase took around 25s 

- 30s in total, which was as good as the arm-pad support algorithms. Besides, participants 

leaned more body weight on their upper limbs, which reduced the burden of lower limbs 

during standing up process. Moreover, the figure also shows that the forces applied on arm-

pads mildly oscillated, and changed relatively smoothly in different phases. Therefore, 

those merits make this belt support algorithm to be a favorable one.  
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4.3 Comparison Part I: Arm Force Comparison of Different STS Methods  

 

Figure 4-13 Arm-Pad Support Algorithms Comparison (Participant 1) 

 

Figure 4-14 Arm-Pad Support Algorithms Comparison (Participant 2) 
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Figure 4-15 Arm-Pad Support Algorithms Comparison (Participant 3) 

The three figures (Fig.4.13, Fig.4.14, and Fig.4.15) show the three arm-pad support 

methods (Test 1-1, 2-1 and 3) and the belt support method (Test 5) tested on different 

participants.  

Vertical supportive forces were provided through the arm-pads. According to these 

three figures, for the same participant, the pattern of the main STS process had a high level 

of similarity.  

For participant 1 (H.X.), belt support was the most powerful lifting method, and the 

maximum lifting force provided by both the upper frame (including two arm-pads and two 

front handlebars) and the belt reached 78% of body weight. For two similar algorithms—

Test 3 and Test 2.1— participant 1 fitted the former better. It only took her three times to 

adjust the walker to her best height, while Test 2.1 took 13 times and required much more 

extensive force to achieve the same goal. Though these two algorithms acted very 

differently in the adjustment phase, their patterns for the STS phase were highly similar. 

However, for Test 1.1, which has almost the same STS process algorithm, the maximum 

force applied to the arms was only 40% of body weight. Compared with the other Test 1-

1 and average results, which can be seen in Section 4.6, this could be just an extreme case. 
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When compared with Test 3 and Test 2.1, the curve of the descending part was offset to 

the right at around 2s. It is possible that this participant just took her time to complete the 

posture transition process, since she was not expecting an adjustment phase. Similar 

phenomena also happened to participant 2 (D.B.) in Test 1.1, and Test 5, which had a 5 s 

delay for posture transition followed by a height descending phase.   

For participant 2, the benefits of the belt support method were not obvious. Test 5 

had a similar pattern with Test 1.1 and was not much different to Test 3 and Test 2.1 for 

the main STS process, except the curve offset to the right while descending, which 

corresponded to the posture transition process. All four plots had similar maximum applied 

forces on the arms (or upper frame) at around 45%. Participant 2 adapted well for two 

highly similar algorithms, Test 3 and Test 2.1. He maintained a larger force while doing 

Test 2.1, and only adjusted the walker twice before it reached steady state.  

For participant 3 (T.Z.), all four plots had similar patterns in major STS processes, 

except that the curve offsets to the right while arm forces were descending. Test 5, which 

used the belt to help with standing up did help this participant more. The maximum force 

provided by this algorithm was as high as 67%, while all other algorithms had a maximum 

arm force of around 57%. For two highly similar algorithms: Test 3 and Test 2.1, 

participant 3 adapted to the former much better than the latter. Test 3 only took him three 

adjustments to reach his most comfortable position, while it took him 13 adjustments in 

Test 2.1. According to the chart, it can be observed that this participant was prone to 

applying an unsteady force to the upper frame that triggered too many unnecessary 

adjustments of Algorithm 2.1, which is more sensitive to upward and downward directions.  

From this simple comparison, it can be interpreted that belt support should be the 

most powerful lifting method, since it can provide as much as around 80% body weight 

lifting force. For arm-pad lifting methods, body weight based algorithm (Test 3) is better 

than applied force based algorithm (Test 2-1), according to the test results. It is more stable, 

easier to maneuver, and requires less effort to reach practical best height. However, if large-

scale tests on patients have been taken, there is a possibility that applied force based 

algorithm will perform better in assisting people with severe lower limb issues to stand up. 

This is because they may shift more weight on upper limbs (much more than normal upper 
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limb weight), and the applied force algorithm can set the larger force they actually applied 

to arm-pads as a threshold reference.  

4.4 Handlebar Support Tests 

4.4.1 Test 2-2: Test of Algorithm Controlled Handlebar Support Method 

The Phases:  

  

(a) Initial State                                       (b)   Standing Up                             (c) Standing Up 
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(d) Walking Followed Hands to Rise       (e) Posture Transition                (f) Steady State 

Figure 4-16 Test Process of Handlebar Support Algorithm 

Phase 1: In the first phase of standing up, the user holds the handlebars, to start the 

standing up process, and the walker waits for 1 s before rising up to the calculated best 

position for the user. This phase is shown in Figure 4.16 (b-c). 

Phase 2: During this phase, the user continues to complete the STS process, and the 

walker rises to the calculated comfortable position after a 1 s delay. This phase is shown in 

Figure 4.16 (d-e). 

Phase 3: In this phase, users have completed the STS process. The walker has 

already reached the best height to accommodate the user and is in a steady state. This phase 

is shown in Figure 4.16 (f), and the participant also adjusts to the most comfortable position 

for walking. 

Analysis:  

The results of participant H.X. is shown in Fig.4.17. During phase 1, the reading of 

the position sensors stayed the same, which meant the walker stayed at the initial height of 

77.5 cm. Forces applied on the arms peaked at 59 lbs (49 lb pure force, 45% of body 

weight) while the forces on the legs increased to 67 lbs (61% of body weight), which was 

the first peak.  Afterwards, in the last part of phase 1 and the beginning of phase 2, though 

there was a short fluctuation, the forces on the arms largely remained around 55 lbs, and 

forces on the legs were generally around 60 lbs. Later, it seemed like the user stood up and 

entered into a posture transition process: the forces on the arms kept on decreasing, while 

the forces on the legs ascended quickly. The readings of position sensors continued to 

increase in phase 2, regardless of the oscillation at the beginning and the end of this phase, 

due to sudden current changes. In phase 3, the steady state, the walker maintained the same 

height, and the forces on the arms and legs were basically similar, though the former 

descended gradually, while the latter ascended slightly. 
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Figure 4-17 Results of Handlebar Support Algorithm 
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Test Comparison 

Arm Force/ Body Weight Ratio: The pure force applied on the arm-pads divided 

by the body weight of the participants.  

 

Figure 4-18 Result Comparison of Handlebar Support Algorithm 

Though forces on the arms followed a general pattern— went up first, stayed stable 

for some time, and then went down—participants reacted very differently in this test. Two 

participants (one female, one elder male) relied on their arms during the whole process, 

while the other participant (young male) leaned his arms in the standing up phase then 

quickly adjusted her posture and stood mainly using legs. Two participants only leaned 

around 40% of their body weight on the arms at maximum, while the other leaned about 

50%.  

Compared to the test results for Test 4-2, (the basic handlebar support method 

without any algorithm,) the arm force curve for this method significantly covered more 

area, which indicated that the arms worked harder during the STS process. This also 

indicates that the burden for the lower limbs was reduced since body weight is constant.  
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4.4.2 Test 4-2: Basic Handlebar Support Test 

The phases 

In this test, the walker stayed at the same height, which was preset to fit the user, 

for the whole process so it was only divided into two phases as below. The major difference 

between Test 4-2 and previous Test 2-2 is that, during the STS process, the walker was 

maintained at the preset height and stayed stationary. However, in Test 2-2, the walker 

rised, in order to follow the trajectory of participants’ hands. 

Phase 1: STS process while pushing the fixed handlebar.   

Phase 2: After the STS process, the participant still had their hands on the 

handlebar. 
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         (a) Initial State                            (b) Prepare to Stand Up                        (c) Standing Up 

     

      (d) Standing Up                             (e) Gesture Transition                          (f) Steady State 

Figure 4-19 Algorithm Controlled Handlebar Support Test Process 

The whole process is shown in Figure 4.19.  

Analysis: 

The results of participant H.X. has been analyzed as following (Detailed results see 

Fig. 20). In phase 1, the user completed the STS process with the assistance of the 

handlebars and then adjusted their posture to stand straight and steady. The pattern of 

applied forces on the arms was parabolic. Forces on the arms rose at around 1 s and reached 

the peak at 2.5 s, then dropped to zero. This pattern had a high level of symmetry. 



75 

 

Correspondingly, forces on the legs reached the first peak of 59 lbs (54% of body weight) 

when the forces applied on the arms reached a maximum of 58 lbs (53% of body weight). 

This continued to increase during the posture transition process and finally reached 110 lbs 

(fully body weight). According to Figure 4.20 (c), the user completely left the stool at 2.5 

s, which indicated the time from when standing began (1 s) to fully leaving the stool would 

be 1.5 s. Because people need to apply forces against to the ground to rise (lift the height 

of body center of gravity) in phase 1, the total forces should be the summation of body 

weight and the forces against the ground. And it dropped during the posture transition 

process and generally stayed stable afterward.  After the STS was completely done, the 

user removed their hands from the walker and was standing entirely on their own. The 

results can be interpreted from Fig. 4.20, phase 3.  
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Figure 4-20 Results of Algorithm Controlled Handlebar Support Test 
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Comparison Analysis:  

 

Figure 4-21 Arm Force Comparison of Algorithm Controlled Handlebar Support Tests (Test 4-2) 

For different participants, forces on the arms basically had similar patterns: they 

went up to the peak first and then descended, then remained stable after that. All the 

patterns look approximately symmetrical. However, participants had different preferences 

for using their arms during the STS process. The maximum forces applied on the arms 

ranged from 40% to 60% of body weight. Clearly, standing up with the assistance of a 

walker will significantly reduce the burden on lower limbs. The total time needed for this 

test was only 4 s to 8 s, which was much shorter than the belt lifting method and the arm-

pad lifting method. Compared with the belt lifting and arm-pad lifting algorithms, the 

handlebar lifting method was faster, but provide relatively less support and assistance 

during the STS process.  

The forces on the legs also followed a similar pattern but varied from one 

participant to another. The maximum forces applied on the legs ranged from 80% to 100% 

of body weight, which indicates that some people preferred to partially lean on their arms 

while standing.  
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4.5 Comparison Part II: Comparison of Forces on Legs for Different STS 

Methods 

 

Figure 4-22 Comparison of Different Methods of Standing Up (Force on Legs) 

 

Figure 4-23 Test 1-1 Leg Force Comparison of Different Participants 
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Figure 4-24 Test 4-1 Leg Force Comparison of Different Participants 

 

Figure 4-25 Test 4-2 Leg Force Comparison of Different Participants 

0

0.2

0.4

0.6

0.8

1

1.2

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Lo
ad

 o
n

 L
eg

s/
 B

o
d

y 
W

ei
gh

t 
R

at
io

Time (ms)

H.X. Test 4-1 D.B. Test 4-1 T.Z. Test 4-1

0

0.2

0.4

0.6

0.8

1

1.2

0 1000 2000 3000 4000 5000 6000 7000

Lo
ad

 o
n

 L
eg

s/
 B

o
d

y 
W

ei
gh

t 
R

at
io

Time (ms)

H.X. Test 4-2 D.B. Test 4-2 T.Z. Test 4-2



80 

 

The three basic ways of standing up, as shown in Figure  4.22(a), are natural 

standing up (Test 4-1), standing up with the help of fixed handlebars (Test 4-2), and 

standing up with the help of arm-pads (Test 1-1). It can be interpreted that Test 1-1 had the 

sharpest curve during the STS process, and the other two ways of standing had similar 

steep curves. This demonstrates that a natural STS process needs more explosive muscle 

force from the lower limbs. In contrast, with the help of a walker, lower limb strength 

increased more gently to the required force for standing straight. Plus, at the maximum 

force, natural standing up required 10% more force than body weight. As a contrast, in 

other tests, only one trial reached 100%, and all other trails only maintained 80% to 85% 

of body weight maximum, which indicated that most participants still partially leaned their 

weight on the device during steady standing.  

For the two tests providing assistance during the STS process, though the forces 

applied on the legs in different phases were similar to some extent, the STS process for 

Test 4-2 was much shorter than Test 1-1. This was mainly due to the speed of the walker, 

which was 7 cm/s, and it meant fully standing up may take 5 s, 2-3 s more than the general 

speed of normal people. However, this speed was still considered to be comfortable for 

most participants, ensured safety, and provided enough time for users to transition their 

postures gradually. Hence, though it was slower, the curves of Test 1-1 oscillated much 

less than Test 4-2, which indicated that forces applied on legs changed less drastically. 

Hence it could be a steadier way of standing up. During the STS process, forces applied on 

the legs were around 45% of body weight, which was similar to the forces provided by the 

arms, or even lower. 

4.6 Questionnaire and Results 

In order to evaluate the effectiveness of this design, a questionnaire was developed 

and given to participants. This questionnaire contains seven questions (see Appendix D): 

the first six questions are related to the overall user experience, and the seventh question 

focuses on comfort level and ergonomics design. In the first six questions, participants 

rated the walker and algorithm on a “disagree-agree” scale (7 levels, from “Strongly 

disagree to “Strongly Agree”), while the seventh question was rated on a “0-10” scale. 

Detailed results can be seen in the following Figures 4.23 and 4.24 
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Figure 4-26 Questionnaire (Q1-Q6) Results 

 (Color Scheme: Blue: Participant1, Orange: Participant 2, Grey: Participant 3, Yellow: Average) 

Figure 4.23 shows the results of first six questions. This shows that all the questions 

regarding different aspects of this design were rated around 6 out of 7 on average. Q1, Q2, 

Q3 have relatively higher scores of 6.33 on average. Q4 has the lowest average score of 

5.67 out of 7, which indicates that participants considered the speed to be good, but a little 

too slow. However, if applied to patients, who always have difficulty rising, this speed 

might be a good fit for them. In general, from the results, it can be concluded that this 

walker has achieved major design goals and will certainly help in the STS process to reach 

a comfortable position and prevent falling while walking.  
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Figure 4-27 Comfort Level Ratings (Q7) 

(Color Scheme: Blue: Participant1, Orange: Participant 2, Grey: Participant 3, Yellow: Average) 

Figure 4.24 shows the ratings of comfort level and ergonomics design, and the 

results vary with different detail designs. Q7 (a) was rated 9 out of 10, indicating that 

participants were very satisfied with the width of the walker. Q7(c), Q7(e), Q7(f) also had 

a high score of around 8 out of 10, which indicated that participants thought the handlebar 

was easy to hold, that the sitting position at the beginning was right, and it felt comfortable 

during the STS process. However, Q7(d) and Q7(b) only gained 6 out of 10, and 6.67 out 

of 10, respectively, meaning the arm-pads and the position of handlebars definitely need to 

be better designed and tested in future. The overall average score in six different details 

was 7.56 out of 10, indicating this walker has a good design overall regarding ergonomics. 
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 NAVIGATIONS TESTS 

5.1  Introduction of FLB Algorithm 

The FLB (Fuzzy Logic Based) algorithm is a navigation algorithm that controls the 

motion of the AGV, an autonomous ground vehicle (AGV), for one or several preassigned 

goals while avoiding obstacles during its motion. It is designed to reach the goal using the 

geometrically shortest path and avoid obstacles on its way. While running, the laser 

continuously scans surroundings from 0 to 180 degrees. Once an obstacle is detected and 

it is determined that the AGV will not be able to pass, it will slow down, and turn either 

left or right for a small angle, scan and judge again until it finds a clear path. Experimental 

results can be seen in the following figures. Figure 5.1 shows that the AGV heading to the 

goal coordinates directly, but when detected an obstacle it avoided the obstacle on its way. 

Figure 5.2 shows that the AGV successfully reached its goal and avoided two obstacles in 

its path.  

  

Figure 5-1 FLB Navigation : 1 Obstacle 

   

Figure 5-2 FLB Navigation : 2 Obstacles 

(X: Horizontal Displacement.  Y: Vertical Displacement. Green Box: Obstacles. Start Point : 

(0,0), Goal Position : (4000,-1100)) 

Test of the FLB on AGV as Driver 

Experimental testing discussed above shows the ability of the AGV to work as a 

driver for wheeled medical devices. The device shown in Fig.5.3 has been designed and 

built by the robotics lab in University of Saskatchewan and attached to the AGV to test its 

ability in pulling the rehab-robot before it was developed. This device has two wheels and 

a damper on one side, in order to simulate walking behind of disabled people (who may 

have difficulty walking in one of their legs). 
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Figure 5-3 Attachment to the AGV to Simulate ability to Drive a Wheeled Medical Device 

The results show in Figure 5.4 indicate show that the AGV was able to reach a pre-

set goal successfully, though the right damper was working at full strength and the dragging 

friction did distort the path. 

 

Figure 5-4  Result of FLB on the AGV with the Attachment (X: Horizontal Displacement. Y: 

Vertical Displacement.) 

5.2  Navigation Test Introduction 

The FLB algorithm was applied to the AGV as a control algorithm for the 

navigation tests. According to the previous test explained in section 5.1, the AGV does 

have the ability to act as a driver for medical gait assisting devices. H. Braden [34] 

researched gait speed for normal people, patients, and people with different levels of lower 

limb disabilities, and graded them into four classes, as shown in Figure 5.5. Based on this 

classification, tests will be implemented with three different speeds: 0.9 m/s, 0.65 m/s, 0.4 

m/s, to simulate people with different levels of lower limb disabilities. For each gait speed, 

the device was tested in both one obstacle and two obstacle conditions.  
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Figure 5-5 Four Classifications Grading on Gait Speeds, taken from [34] 

As shown in Figure 5.6, the FLB algorithm was run on the AGV, which was 

connected to the walker and hence drove the rehab-robot. Before navigation tests started, 

the walker was preset to the best height for the participant. The main purpose of navigation 

tests was to determine whether the FLB algorithm was appropriate for guiding and helping 

people with impaired lower limb functions to walk.  

 

Figure 5-6 Test of Rehab-Robot Avoiding 2 Obstacles 
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5.3  Test Results 

The detailed test results are shown below (in Figure 5.7-5.12). For each test, each 

figure shows the path and motion of the rehab-robot assistive device (a), and the other 

shows the velocity during the test (b).  

 

(a): Path Curve (X: Horizontal Displacement, Y: Vertical Displacement) 

 

(b): Velocity VS Horizontal Displacement (V: Velocity X: Horizontal Displacement) 

Figure 5-7 Test 1 (V=400 mm/s, 1 Obstacle) 
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(a): Path Curve (X: Horizontal Displacement, Y: Vertical Displacement) 

 

(b): Velocity VS Horizontal Displacement (V: Velocity X: Horizontal Displacement) 

Figure 5-8 Test 2 (V=400 mm/s, 2 Obstacles) 
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(a): Path Curve (X: Horizontal Displacement, Y: Vertical Displacement) 

 

(b): Velocity VS Horizontal Displacement (V: Velocity X: Horizontal Displacement) 

Figure 5-9 Test 3 (V=650 mm/s, 1 Obstacle) 
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(a): Path Curve (X: Horizontal Displacement, Y: Vertical Displacement) 

 

(b): Velocity VS Horizontal Displacement (V: Velocity X: Horizontal Displacement) 

Figure 5-10 Test 4 (V=650 mm/s, 2 Obstacles) 
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(a): Path Curve (X: Horizontal Displacement, Y: Vertical Displacement) 

 

 (b): Velocity VS Horizontal Displacement (V: Velocity X: Horizontal Displacement)  

Figure 5-11 Test 5 (V=900 mm/s, 1 Obstacle) 
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(a): Path Curve (X: Horizontal Displacement, Y: Vertical Displacement) 

 

(b): Velocity VS Horizontal Displacement (V: Velocity X: Horizontal Displacement) 

Figure 5-12 Test 6 (V=900 mm/s, 2 Obstacles) 

And Table 5-1 shows the analysis and comparisons for each test. In this table, final 

position is the actual position the robot reached in each test, while the goal position was 

8000 mm on X axis, and 2200 mm on Y axis. Errors were calculated by taking percentage 

of the difference of actual final position and goal position.  
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Table 5-1  Table of Navigation Results  

 

5.4 Analysis of Navigation Algorithm Experiments 

From actual observation, and all the figures and table above, the following findings 

can be concluded:  

1. Pre-set goals were achieved in all tests, and the errors between goal position and 

practical final position were low, within 1%. 

2. The device provides a forward force that pulls participants to move forward, and 

reduces energy consumption during the walking process. This feature will help in 

the walking process and for lower limb rehabilitation.  

3. Since the AGV needs to scan continuously for a path, the obstacle avoidance 

performance of this algorithm (FLB) was poor for rehab-robot navigation, and it 

took a relatively long time to detour and avoid obstacles, which could be 

challenging for patients in a practical application.  

4. The most crucial disadvantage of the FLB algorithm (for being practical for daily 

application) is that it continuously tried to move patients out of the walker while 

turning, especially when it was trying to avoid an obstacle. Since the AGV was 

scanning surroundings intensively, the device continuously made sharp turns and 

moved around irregularly. Hence the participant was thrown left and right, back 

and forward. It took a lot of effort for the user to stay in the walker. This case can 

be seen in the screenshots from the recorded videos (Figure 5.13). [36]   
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Figure 5-13: AGV Running on FLB Algorithm Avoiding 2 Obstacles 

(Left): Device Throwing Participant Out; (Right): Device Going Back Suddenly and Forcing Participant to 

Move Backward 

While the device with the FLB algorithm achieved the goal position, avoided 

simple obstacles, could drag the walker and provide a forward force to help walking, it was 

not appropriate for pulling this rehab-robot and the user experience was unpleasant. Hence, 

a better algorithm should be developed for smart walkers that help with lower limb 

rehabilitation. Also, attaching the rehab-robot to this AGV with the current mechanism is 

not ideal. A different mechanism should be designed to make the ride smoother, or the 

rehab-robot can be modified to be self-propelled.  
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 CONCLUSION AND FUTURE WORK  

6.1  Summary and Conclusions 

This research performed a wide range of literature review in lower limb 

rehabilitation, and found out there is a research gap in developing a smart and practical 

device for both STS and walking. Afterwards, this research developed an innovative smart 

mobility assistive device for both STS and walking successfully. And it combined many 

positive aspects of existing lower limb assisting devices and became a smart, useful, safe 

and relatively comfortable device, and has achieved the original design objectives 

according to questionnaire results.  

Four motion control algorithms have been developed to support three different 

ways of lifting, in order to assist people with different level of lower limb malfunctions. In 

this section, a wide range of research results was studied and facts during the operation 

process of STS has been observed. All the algorithms successfully commanded the walker 

to reach a proper height for different participants, according to pre-set user data (height and 

weight) and user intentions/operations reflected from the readings of transducers. The 

algorithms helped the STS process by providing upper limbs and trunk vertical lifting 

forces that range from 40% to 70% of body weight.    

The interaction between human and machine has been emphasized and investigated 

in this research. This device detects user’s status, and therefore responds correspondingly, 

such as start STS process, and stop the device to prevent it from harming fallen users. 

Various control methods were offered and investigated, such as automatic control, manual 

control and voice control. A combination of automatic control and manual control were 

used in the tests and it helped the participants to complete STS process within 20 s. 

This research also examined FLB navigation algorithm [35] that had been 

considered to be helpful and useful in walking and navigation process.  According to 

navigation test results, the FLB algorithm was able to guide a smart walker to pre-set goals 

and avoid obstacles on its way successfully. However, this algorithm exhibited some 

difficulty for a user with the current attachment of the rehab-robot to the AGV.   
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To summarize, the overall research objective of this research has been achieved. A 

smart mobility assistive device that helps both STS and walking has been developed, and 

tests regarding different control algorithms and various lifting methods have been 

implemented, analyzed and compared. In algorithm development section, taking into 

consideration of the user’s intentions and status to find the best height for walking is 

innovative and worth future studying. This research also investigated several control 

methods and corresponding operations and interactions between human and machine. A 

possible navigation algorithm (FLB) for the device had been tested, analyzed and examined 

as well.  

6.2 Future work  

The mobility assistive device designed in this research has a high potential for 

commercialization in the future due to its usefulness, practicality, affordability, 

adaptability, and uniqueness in the market. However, some work still needs to be done to 

improve the mechanical design and control algorithm.  

For the mechanical part, motorized wheels should be mounted on as the driver to 

take the place of the AGV. Hence, the tri-wheel mechanical system can be changed to four-

wheels in order to assure better maneuverability. Besides, since participants reported lower 

satisfaction with the handlebar position and arm-pads, more experiments should be done 

to find a better solution and the rings designed for belt mounting should be modified as 

well.  

For the control algorithm, if it is for practical application or commercialization, 

more tests need to be done with real patients to collect more reliable research and 

observation results. Hence, the best algorithm with most appropriate parameters could be 

devised, basing on the results of many experiments with participants having lower limb 

problems. A better user interface should also be designed. For example, the voice 

recognition system should be improved to recognize more commands from a generic voice. 

The FLB algorithm is definitely not a good navigation algorithm in assisting people 

to walk. For practical applications, the navigation algorithm should be redesigned and this 
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new algorithm should guide the walker to reach multiple goals, avoiding both moving and 

stable obstacles, and move smoothly without any sharp turns, sudden acceleration or stops. 

The concept of this smart walker project is innovative. This research explored many 

possible solutions and it achieved the goal of helping people in the STS process and 

walking. However, for commercialization, more experiments need to be done with patients 

in order to optimize the mechanical and control algorithm design to generate reliable 

results. This project needs to adopt another navigation algorithm that is customized 

specifically for this case and brings users an improved experience.  
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APPENDIX A: DETAILED FUNCTION STRUCTURE  

 

 

Figure A-1 Detailed Function Structure Diagram 
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Figure A-2 Detailed Function Structure Diagram (Continued) 

This figure is important to this project. This function structure diagram is derived 

from need analysis in Chapter 1, and the diagram is discussed in section 2.1. A  
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APPENDIX B: BILL OF MATERIALS FOR MANUFACTURE 

Bill of materials, as well as the shop drawings, were essential for the manufacturing 

of the rehab robot. The mechanical part of rehab robot development was discussed in 

Chap.2.2.6. B 

Table B-1 Bill of Materials 
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APPENDIX C: COST ESTIMATION TABLE 

The following table shows the approximate cost of the current project, and also the 

roughly estimated cost for mass production. If manufactured large scale, the fabrication 

cost of mechanical parts can be largely lowered down to around $80, considering the 

market price for walkers having similar structure are only around $ 150 [32]. Also, other 

costs will be lower as well since it is possible to corporate with Chinese factories to order 

thousands of products at low prices. And retail price is always one time more expensive 

than wholesale price. [37] The cost estimation table has been discussed in Chap.2.2. C 

Table C-1 Cost Estimation 
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APPENDIX D: DESIGNED QUESTIONNAIRE 

 

Figure D-1 Designed Questionnaire 

D  
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APPENDIX E: FEA OF CARBON STEEL TUBE (OD 25.4MM, ID 21.4 MM) 

 

Figure E-1 Meshing 

 

Figure E-2 Mesh Setting: Face Sizing 0.0064m 
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Figure E-3 Mesh Setting: Edge Sizing 0.0064m 

 

Figure E-4 Boundary Conditions 
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Figure E-5 Total Deformation 

 

Figure E-6 Equivalent Stress Analysis (Overall) 
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 (a) Equivalent Stress Analysis Detail A 

 

 (b) Equivalent Stress Analysis Detail B 

Figure E-7 Equivalent Stress Analysis (Detail) 
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Figure E-8 Safety Factor (Overall) 

 

Figure E-9 Safety Factor (Detail) 

E  
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APPENDIX F: SHOP DRAWINGS 

Following figures show the drawings sent for rehab robot fabrication in the machine 

shop of the engineering college. F 

 

Figure F-1 Mechanical Parts Assembly 
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Figure F-2 Mechanical Parts Assembly (without Battery Box) Drawings 

 

Figure F-3 Mechanical Parts Assembly (with Battery Box) Drawings  
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Figure F-4  Part 1-1, Part 1-2, and Part 1-3 Shop Drawings 

 

Figure F-5 Part 2-1, Part 2-2, Part 2-3, and Part 4-1 Shop Drawings 
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Figure F-6 Part 4-1 and Part 4-2 Shop Drawings 

 

Figure F-7 Part 3-1, Part 3-2 and Side View Shop Drawings 
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Figure F-8 Part 5-1 and Part 5-2 Shop Drawings 

 

Figure F-9 Part 5-3 Shop Drawings 
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Figure F-10 Battery Box Shop Drawings 

 

Figure F-11 Robot Connection Parts Shop Drawings 
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Figure F-12 Robot Connection Parts Side View Shop Drawings 

 

Figure F-13 Force Sensor Sleeve Shop Drawings 
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Figure F-14 Up-Control and Bottom-Control Shop Drawings 
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APPENDIX G: INTRODUCTION OF ALTERNATIVE CONCEPTS IN 

CONCEPTUAL DESIGN PROCESS 

First Design Alternative 

The first draft, as shown in Fig G-1, was devised out right after the literature review 

stage and tried to absorb as many merits of existing designs as possible. It had four wheels 

and adopted rectangular frame with diagonal bracings. The lower frame was specially 

designed to lower the center of gravity and increase system stability. It has both adjustable 

height and width. Four of the six vertical stretchable rods should be actuators, while others 

were just sliding bushings that followed the motion.  Similarly, it had 2 horizontal actuators 

and corresponding sliding bushings to support width adjustment.  The upper basket was 

designed for users’ personal belongings, while the lower one was for electronics devices, 

including batteries.  

This design would basically meet all necessary needs and implement desired 

functions; however, it did suffer from several important issues. First, it had unnecessary 

components that would significantly raise the cost. Secondly, the adjustable width was a 

considerate design, but, according to some basic research and observation, it was easily 

found that most chairs had a width between 55-60 cm and they accommodated more than 

99% of people. Therefore, the width could be set as 60 cm and the adjustment was not 

necessary. Finally, this design had an issue in connecting to the AGV. Due to these valid 

reasons, this draft was not selected. G 
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Figure G-1 First Design Alternative 

 

 Figure G-2 Second Design Alternative 

Second Design Alternative 

After consideration, especially for connection with the AGV and stability, the 2nd 

alternative adopted 3 wheels system and had two middle rods landing that would share the 

total applied force. On the lower frame, a similar structure as the 1st alternative was used 

to lower the center of gravity and increase stability. This design has reduced many 

unnecessary components, and a connection method to AGV was designed. Also, it has a 

pleasing appearance and fitted human body ergonomically.  

The draft was an improvement of 1st alternative and met all desired functions; 

however, it still had some problems. First, the rigid connection to AGV could create a 

problem, especially during turning. It could shift the rehab robot horizontally and bring a 

large lateral force that could compromise system stability and user experience. Second, 

compared with a linear structure, the curved frame was harder to manufacture. Hence it 

would increase the cost.  
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APPENDIX H: CRITERIA EVALUATION AND DOWN SELECTION 

According to the main functions outlined in Chap.2.1, six criteria (1-mobility, 2-

easy to attach to AGV, 3-safe in use, 4-comfortable, 5-cost effective, and 6-simplicity) 

were considered as important and where used to evaluate all three conceptual designs. 

During the evaluation process, each criterion was assigned to its own weighting factor that 

reflected its importance to the overall success of the design. This process was done by 

myself, under the direction of my supervisor. The sum of all the weighting factors must 

equal 100 and scores given to criteria are shown in Fig. H-1. H 

Safe in use was considered the most important criterion due to the fact that this 

device was developed for medical applications. Cost was also very important since 

affordability is one of the primary motivation to develop this project. Simplicity and easy 

to attach to AGV were the factors that might affect users’ experience least, hence 

considered to be least important. 

  

 

Figure H-1 Weighing Factors Given to Each Criterion 

After the weighting factors had been assigned to each criterion, all three conceptual 

designs were comparatively scored on each criterion. The sum of the scores for each 

criterion was also to add up to 100. The table used for evaluation is shown below in Table 

H-1. Scores for criteria are shown in Fig. H-2.  
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Table H-1 Table Used in Criteria Evaluation 

 

 

Figure H-2 Score for Each Criterion 

In these three designs, the 2nd Alternative Design was the least preferred and the 

1st Alternative Design and Final Design seemed to be opposite of each other. The 1st 

Alternative Design was a four-wheeled design with six actuators and a number of 

mechanical components to assure its safety. Hence, it scored higher in both mobility and 

safety. However, its advantages also led to its disadvantages: four-wheel design brought a 

high level of difficulty to attach the device to AGV, and excessive actuators and 

components made it score low in cost and simplicity, which indicated that this design may 

not be affordable and suffered a higher risk of components failure.  
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As a contrast, the final design scored slightly lower in mobility since it was a three-

wheeled design.  It scored a little lower in safety since it did not have excessive components 

to assure mechanical safety. However, it was still safe and passed the FEA analysis as 

discussed in Chapter 2.  Also, it gained high score in cost effectiveness and simplicity, due 

to its concise structure.  

The 2nd Alternative Design did not win in any category. It was a three-wheeled 

design, but with complex structure and poor attachment. Thus, it was disregarded early in 

the design process.  

 

Figure H-3 Result: Sum of Total Scores for Each Conceptual Design 

After scored for six criteria, the scores of each category were multiplied by its 

weighting factor and added up. Fig.H-3  shows the total scores of the designs and the Final 

Design was clearly the winner.  
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APPENDIX I: UNDERLYING DESIGN PRINCIPLES 

Ergonomics Design  

Since this device is designed for patients and people with weaker lower limbs, the 

interaction between machine and human was considered in order to assure overall success 

of this design. Ergonomics design was generally considered during the conceptual design 

process, and also came to be a major principle in the detailed design process. This design 

took into account of the human size and body proportion dimensions for various postures 

during STS and walking process, as well as holding and using methods for different users’ 

preference. I 

Human sizes, body proportions, and gestures have been intensively considered to 

create good machine and human interaction. For example, the height of this walker is 760 

mm, which is basically the height of most desks. Since nearly everyone is adapted to this 

height, they will find this walker very comfortable to use, and this is also nearly the best 

height to apply their upper limb strength to help in STS process. To compare with, T. Bulea 

[6] designed a vertical walker with the lowest height to be 850 mm, and it was not 

comfortable for most users. Moreover, the width, lifting up speed and the position of 

handlebar were designed based on ergonomics to make sure that people feel quite 

comfortable during both STS and walking process. Furthermore, the lower frame and the 

position of battery box were designed in detail and ensures that no collision or trip will 

happen in any stage of use. 

   

Figure I-1 Bulea's Walker [6] Figure. I-2 Features of Rehab Robot 
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Figure I-3  Rehab Robot (Sitting Position) 

 

Figure I-4 Rehab Robot (Standing Position)  

Considering users’ STS and walking postures, and different preferences, another 

concept was inspired by the principles:  two ways of holding. People may either hold 

horizontal handlebars (Fig.I-3) or hold vertical handlebars and place their arms on the 

frame (Fig. I-4) as they like. The two ways of holding are based on users’ health conditions 

and preferences. The vertical holding is designed for users who have seriously impaired 

lower limb functions and could not stand on their own.  In this case, they may hold the 

vertical handlebars, place their arms on the frame, and use the harness mounting on the 

frame at the same time. With these three ways of support, they should be able to complete 

both the STS and walking process. On the other hand, the horizontal handlebars are for 

users whose lower limb functions haven’t been largely impaired. These users still maintain 

standing and walking functions and may only need some help to stand up and maintain 

stability while walking. Therefore, the support provided from horizontal handlebars would 

be sufficient to them. Also, people may choose either way of holding based on their 

personal preference.  
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Figure I-5 Force Applied when Holding 

Vertical Handlebar 

Figure I-6 Force Applied when Holding the 

End of Walker 

Simplicity 

Since this design may be commercialized, cost is an important factor in all stages 

of design process. Thereby, to keep the design as simple as possible, or say, to gain the best 

user experience with the least material consumption and simplest mechanism, should be a 

vital principle for this design.  

 

Figure I-7 Hitch connection Figure I-8 Actual Designed Connection to AGV 

The concept of “simple” governed most of the design details. Not only was the 

main structure designed to be as simple as possible, but most connections have also been 

Holding 
Force Apply 

Force Apply 

Holding 

Harness Mounting 
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modified. For example, to design connection method to the AGV, the first idea was to use 

hitch--- a traditional way to connect a trailer to a car, while omnidirectional motion (driving 

force) is allowed. Finally, this connection was simplified to be two metal pieces and one 

bolt, which completely realized all the functions of a hitch, which weighs only 100 grams, 

around 1/50 of a hitch’s weight. These are shown in Fig.I-7 and Fig.I-8.  

Force analysis  

Mechanical force analysis was considered as an important principle in detailed 

design, and all the major force conditions were simulated in ANSYS (FEA software) to 

study stresses and deformations under different cases. For example, two actuators were 

mounted 167.5 mm away from the end of the frame, right at the middle position of two 

centers of gravities of two different ways of holding (center 1, center 2 as shown in Fig.I-9). 

Compared with mounting the actuator in the middle of the frame, which is 80 mm forward, 

the maximum bending moment was reduced to 40 percent when a 200 lb load was applied.   

 

 Figure I-9 Actuator Mounting Positions Comparison  

 

Center 1  Center 2 

Frame 

Midpoint 

(Force Apply) 
(Force Apply) 

 Midpoint of 

Force Centers 
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APPENDIX J: ARMPAD 

In order to improve the level of comfort for this walker, a pair of 9 inch (22.9 cm) 

long and 2.5 inch (6.4 cm) wide Invacare Desk Length arm-pads were mounted on the 

upper frame of the device, as showed in Fig.J-1. This type of arm-pad had 6 mounting holes 

on the back. The position they mounted on exactly provided comfortable cushioned support 

to user’s forearms. J 

  

Figure J-1 Dimensions of Arm-pad [30] 
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APPENDIX K: ACTUATORS AND TRANSDUCERS 

Actuator 

Two actuators used in this design are PA-04, manufactured by Progressive 

Automations. They have a stroke of 350 cm and will provide 445 N (100lbs) vertical force 

each, to fit a man as tall as 185 cm (6’2”) and weighs 883 N (90 kg or198 lbs). The actuator 

speed is adjustable and can be as high as 7 cm/s at maximum. Therefore, it will be able to 

lift the user within 5 s to a height of 1.1m, which is appropriate for patients and elders. K 

 

Figure K-1 Actuator and Position Sensor Figure K-2 Mounting Force Sensors 

Position Sensor 

As shown in Fig. K-1, the position sensor attached to the actuators are very easy to 

use. The readings of voltage change along wire extension, hence it will measure and control 

actuator position and device height.  

Actuator 

Position Sensor Actuator 

Connector 

Force Sensor 



130 

 

Force sensor  

Force sensors (Fig. K-3) and position transducers (Fig. K-1) are used to measure 

force change along height during STS process for control algorithm development and 

measurements. Besides, abnormal gestures, which indicate the user could have fallen or 

been in uncomfortable status can be detected by analyzing collected data from transducers 

(See Chap.3.1). The rehab robot will immediately prevent any further motion that may 

harm the user during both STS and walking process. As shown in Fig. K-2, two threaded 

sleeves were designed to mount force transducers, and position transducers were directly 

connected with actuators using screws.  

 

Figure K-3 Force Sensor and its Signal Amplifier 

Force Sensor Amplifier 
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APPENDIX L: CONTROL MODULES 

Arduino Mega 

This project is defined by Arduino chip, an open-source platform consisting of both 

Arduino microcontroller and Integrated Development Environment (IDE). It also has lots 

of compatible modules, such as voice recognition module, wireless module, and ultrasonic 

module available hence developed to be one of the most popular platforms for building 

various electronic projects. Arduino Mega is a specific module of Arduino circuit board 

series. It has 54 Digital I/O pins, 16 analog inputs and 16Mhz clock speed, which fully 

meets the requirements of this project. Two Arduino Mega circuit board were used in this 

design as showed in Fig.L-1. One is for communication among electronics; another one is 

for voice control. Arduino Mega takes in 7-12V voltage and provides 5V voltage to 

connected modules or shields. The Mega board connected to the motor driver directly is 

powered up by the motor controller itself, while the other one is powered up by the 

batteries, as well as transducers and actuators. L 

 

Figure L-1 Arduino Mega [23] 

All the algorithms in this project were complied in Arduino IDE, since it has a 

number of compatible modules and libraries, has a preferable data accuracy and was 

relatively easier to program.  
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Scorpion XXL Motor Controller  

The motor controller had to be capable of controlling two actuators (12V, 12A 

rating current each) at the same time. The Scorpion XXL RC controller from RobotPower 

Company [21] is a two-channel motor controller that provides 20A continuous current 

(45A max) for each channel, which is ideal for controlling two 12A LC-66 actuators. It is 

also able to control the actuators by one channel, and power up two motor wheels by 

another channel, if necessary in the future. This module takes 6- 28V as input voltage and 

output 0 -12A current (12V) along the change of signals emitted by the microcontroller—

Arduino Mega. As showed in Fig. L-2, the red and black ports were for power input, “LA”, 

“LB”, and “RA”, “RB” was for left and right power output for two separate actuators. 

Meanwhile, there is an indicator (small light) used to reflect the status of the controller.   

.  

Figure L-2 Scorpion XXL Motor Controller [21] 

Battery and Voltage Regulator 

The two batteries, used as DC power supply, were Model PS-12350NB made by 

Power PS Sonic [24]. Each of them contains 35 Amp Hr power and provided 12 Volt output 

(theoretically). When used in the project, two batteries were connected in a series circuit 

and provided an output ranging from 22 V – 26 V depending on the percentage of charge. 

Since the output voltage changed along battery remaining capacity, and hence brought 

considerable errors for sensors and actuators, a DC power regulator was used to regulate 

the output voltage to be 12 V constantly. A constant power supply is very important to this 

project since it eliminates the errors of sensor readings caused by the unstable current. 

Those errors may seriously impact the performance of programmed algorithms. The 
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DROK Waterproof DC-DC Voltage Regulator was selected due to its capability and 

stability. It took 10-35 V as input voltage and constantly provide 12 V output and maximum 

20 A current. This module also has over-temperature and short-circuits protection, generate 

very low heat, and the heat conversion rate was more than 96%. Hence, a reliable power 

supply had been provided to the device.  

    

Figure L-3 Voltage Regulator [22] Figure L-4 Battery [24] 

Voice Recognition Module and Speaker 

Voice recognition provides another way of control and also helps in detecting 

abnormal cases and assuring safety. The EasyVR module [25] was used for voice 

recognition in this design. A speaker, that provides instructions and real time responses, 

has been selected to be a part of voice recognition function.  

EasyVR recognizes any commands from a specific person after training and it also 

has its own software and library--- Quick T2SI Lite that helps to recognize and generalized 

commands. This has both a microphone and audio line-out/headphone jack in order to 

“hear” the speech from different distances. A simple speaker introduced in the following 

paragraph has also been integrated into this module to interact with the user effectively. 

The EasyVR module was integrated with the Arduino. Thus, it can be easily inserted into 

the corresponding Arduino Mega board, as showed in Fig. L-5. 

In order to give users instructions, such as “Please speak now” and “Please speak 

one of the following options”, it is necessary to connect the EasyVR voice recognition 
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module with a speaker. Hence, a Thin Speaker from Sparkfun, which was 0.25W and 8 

Ohm, was installed. It was 40 mm in diameter and 4 mm thick, as showed in Fig. L-6. 

      

Figure L-5 Voice Recognition Module [25] Figure L-6 Speaker [26] 

Sound Detector 

SparkFun Sound Detector is an audio sensing board for microcontrollers.  It senses 

the level of the sound in the environment, and sends this information to algorithms loaded 

on the Arduino Mega board. There is also a small light on this board to indicate the presence 

of sound, and this information can be converted to binary data. The output is simultaneous 

to sound presence (basically no delay at all) and independent to other modules and 

microcontrollers. Hence, sound detection becomes one of the most effective ways to stop 

due to an emergency.  
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Figure L-7 Sound Detection Module [27] 

 

Figure L-8 4*4 Keypad [28] 

Keypad and Screen  

Data input is important this project. Without the data from users, (such as height 

and weight), the algorithms will not be able to determine the thresholds for abnormal 

overload cases, and theoretical best walker height for each user. More details about data 

input and the development of algorithms is discussed in Chapter 3.  

A 4*4 Keypad Module showed in Fig. L-8 was used for data input (e.g., height and 

weight). This is a widely used module that has eight 8 pins, representing 4 columns and 4 

rows, to connect to Arduino circuit board. In this project, 0-9 keys were used for digital 

number input, and “A” “B” “C” “D” “*” “#” corresponded to different options or 

commands, such as “Type A”, “Clear Up the Screen,” and “Confirmation”. The Keypad 

module was connected to the liquid crystal 16*2 module directly and created the interface 

for data input together. Once the data input was confirmed, it will be sent to the main 

algorithm and taken as references for theoretically best positions, adjustment thresholds, 

and emergency detection. 

The LCD screen module is shown in Fig. L-9, which is capable of showing 32 

characters in two lines. While using, users should follow the instructions shown on the 

screen, such as “Select Height (A) or Weight (B)” or “Is this height OK?”, to operate the 

keypad. The screen also shows data entered by the user. The LCD has 16 pins to take in 

power supply and display commands.  
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Figure L-9 Liquid Crystal Screen [29] 


