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Abstract 

This research concerns the use of technology to improve walking assistance devices for the elderly. The elderly 

population is expected to increase faster than any other age group in the United States over the next 45 years. Studies 

have shown that over one third of elderly people fall within a given year, and about 6% of these falls result in a 

fracture. Fractures are an especially dangerous injury as approximately 20% of people who experience a hip fracture 

die within one year. Commercially available walkers can reduce the risk of a fracture due to falls, but they are all 

passive technologies and require a constant effort from the user to move, disturbing the user’s natural gait. While 

there are many active robotic walkers currently in development that minimize user effort, they are expensive, not 

portable, do not have fall prevention technology, and still distort the user's natural gait. This paper proposes a new 

design for a walker that is portable, affordable, minimizes the disturbance of natural gait, and includes an active fall 

prevention system. During the design process, several options were considered and a decision matrix was used 

to select one that best satisfies the following criteria: 1) contain an active fall prevention system, 2) 

portability, 3) implement wheel drive system, 4) minimize disturbance of natural gait, and 5) include a seat for rest. 

A virtual prototype of the final design was created in Solidworks in order to investigate its practicality and feasibility. 

This model was then imported into MATLAB to perform a kinematic analysis and to determine the stability of the 

device. The results of this research will provide a unique, portable, and low-cost walker to help decrease the prevalence 

of falls in the elderly population. 
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1. Introduction 

1.1 The Aging Population 

Between the last two census surveys in 2000 and 2010, the United States elderly population (defined by the Census 

Bureau to be persons aged 65 years or older) increased by 5.3 million people, and it now comprises 13% of the 

population1. While the elderly population in the United States is larger than ever before, what is most important to 

consider is that the elderly population as a percentage of the total population is at an unprecedented level. This puts 

increasing pressure on the working population to support them. Projections have indicated that by 2030, the elderly 

population will increase by another 30 million, comprising 20% of the population. By 2060, the elderly population 

may become one-fourth of the total United States population2. 

   In addition, as the population ages, individuals’ ability to financially support themselves decreases, unfortunately 

coinciding with the age at which it becomes imperative to receive additional support. Surveys have shown that the 

median income of the population begins to decrease once they reach 55 years old. By 65, the median income becomes 

$40,000, which is $12,000 less than the national median income. It then decreases to $30,000 by 70 years old and 

further to $20,000 by 80 years old3. Additionally, falls amongst the elderly become increasingly common and 

deleterious to health. Studies have found that about one-third of the population 65 years or older have fallen at least 

once in the past year4. As the United States’ population ages, there will be a growing pressure to support their 



 

Figure 1. Personal Aid for Mobility and 

Monitoring (PAMM) SmartWalker 

Figure 2. Honda Motor Company’s Walking 

Assist Device with Stride Management 

medical and psychological needs. While nursing homes and elder care facilities are able to meet these needs, there 

may not be enough facilities prepared to handle the rapidly growing elderly population. The decision to enter into the 

nursing home system is also a very difficult decision to make since it requires a certain sacrifice of independence on 

the part of the elderly individual.   

 

1.2 Meeting Needs 
 

To create a balance between the physical and psychological needs of the elderly population while still maintaining the 

sense of independence that is vital to their well-being, both industry and academic research has begun utilizing the 

enormous power of computers and robotics to create a new generation of walkers that can help direct users to locations 

within buildings and even monitor the user’s health.  

   Much of the work done so far has created a generation of walkers with potentially enormous beneficial use in the 

homes, such as the personal aid for mobility and monitoring (PAMM) SmartWalker (Figure 1) and SmartCane (not 

pictured)5. These devices come with a host of features that both assist the patient in walking, as well as several 

accessory features to benefit the patient’s wellbeing. The SmartWalker can avoid obstacles by using sonar sensors and 

match patient speed with motorized wheels, both of which assist the user in walking around the home. In addition, 

with the use of ceiling-mounted signposts, it can recognize its relative location within a building, and it can also lead 

users to locations within that building (i.e. the nurse’s office in a nursing home). Additionally, an on-board computer 

constantly analyzes the gait of the user, and research is being done on how effective this may be on evaluating patient 

health and predicting falls. There are limitations to this technology, however. The overall cost of the SmartWalker 

components is $5000, a hefty sum without a subsidy. Similarly, because of all the hardware that is included, the walker 

itself is quite large and heavy, and it also lacks any folding ability or portability that the current generation of walkers 

possess. 

   Another possible avenue for assisting elderly mobility arises in the development of exoskeleton technologies. Honda 

Motor Co. has spent a number of years researching human walking patterns, and as a result it has begun developing 

two exoskeleton devices to improve human mobility, the Stride Management System (Figure 2) and Bodyweight 

Support System (not pictured)6.  The Stride Management System may allow for improved walking in users with 

weaker legs by supporting the user’s natural gait. Additionally, both devices are outfitted with rechargeable batteries, 

allowing them to work in the unstructured environment of the outdoors. However, these batteries only last for 

approximately two hours, which restricts their potential use7. Lastly, exoskeleton devices such as Honda’s are still a 

ways from providing enough mechanical assistance to be commercially useful to the elderly population.  

 

                                                   
 

 

 
   Ultimately, a large portion of the elderly population who have not yet moved in to nursing homes but may be 

suffering from the physiological deficits that accompany aging will require a low-cost ambulatory support system. 

Current research and development work utilizes creative engineering and robotics to meet these needs, but at high 

costs and with a loss of independence on the user’s part. The goal of this project is to meet these needs by developing 

a walking assist system that is simultaneously affordable for a majority of the population and also promotes the 

independence of the user. 



 

Figure 3. Solid model of the active swing-wheel walker design used for stability and kinematic analysis. 

The back accessory legs swing 180° towards the front of the walker to catch the user. Note that actuation 

systems are not pictured. O notes the origin. 

2. Methods 

 

2.1 Design 
 

2.1.1 Design Criteria 

Five design criteria were determined as most important in creating design proposals. These five criteria were 1) 

utilization of an active fall-prevention system, 2) portability of the device, 3) contain actuated front wheels, 4) 

minimum disruption of the natural gait, and 5) must include an option to allow the user to rest. This is also the order 

of importance that was determined for these five criteria. 

2.1.2 Design Proposal 

Four designs of walkers were proposed, and decision matrix was used to determine the final design using the 

previously mentioned criteria as an objective measure for each proposal. 

   The proposed design consists of a main frame with handlebars for the user to grasp, and then extends downwards 

towards the ground where large front wheels make contact with the ground. On the main frame there is room for two 

actuation systems, one to drive the front wheels and a second to control the position of the back legs. The back legs 

are connected to the main frame via a hinge that allows for full rotational movement in the side plane of the walker. 

The actuation system controlling these back legs rotates the legs about the walker, causing the back wheels to be able 

to make contact with the ground either behind the main frame or in front of the main frame of the walker. A model of 

this design proposal can be found in Figure 3.  

 

  

 

 

2.2 Stability Analysis 

2.2.1 Center of Mass 

A robotic system is stable if its center of mass (CoM) is located within the support polygon of the system. The support 

polygon is generated by connecting all points that make contact with the ground. In the walker’s case, the weight is 

distributed across four contact points, the two front wheels, and the two back wheels, forming a rectangle. The walker 

model was simplified to three masses located on the handlebars and in the center of the front frame (Figure 4). The 

mass m1, located on the handlebars of the walker, represent the weight of the walker frame as well as the partial weight 

of the user being supported by the walker, and m2, in the middle of the front frame, represents the weight of the walker 

frame and the actuator system. The distance x1 is the distance between the handlebar closest to the origin and m2, x2 

the distance between m2 and the farther handlebar on the x-axis. y1 is the distance between the ground and m2, and y2 
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Figure 5. Sketches of walker experiencing two external forces F1 and F2 and the angle 

of inclination φ. The CoM shows the position of the net force due to gravity. 

Figure 4. Simplified three dimensional system of three masses used to determine 

the walker’s CoM. 
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is the distance between m2 and m1. z1 is the distance between m2 and the m1 masses along the z-axis. Note that Figures 

3 and 4 use the same origin. 

 

 

 

 

 

 

 

 

 

 

   The center of mass is given by equation (1) below: 

 

 

   Where XCoM, YCoM, ZCoM are the coordinates of the CoM, Mtotal is the total mass of the system, 𝑥1𝑚1 + 𝑥2𝑚2 + ⋯+
𝑥𝑛𝑚𝑛 are the position and masses of each mass in the system, and n is the number of masses. 

   If the two dimensional point (XCoM, ZCoM) determined for the center of mass lies within the dimensions of the support 

polygon (in the x-z plane), then the system is statically stable. 

2.2.2 Applied Force 

The stability of the walker was also analyzed in the case of an applied force (Figure 5). Assuming static equilibrium, 

the relationship between the angle of inclination, φ, and the minimum tipping force, F, may be found.  
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XCoMMtotal = ∑𝑥1𝑚1 + 𝑥2𝑚2 + ⋯+ 𝑥𝑛𝑚𝑛, YCoMMtotal = ∑𝑦1𝑚1 + 𝑦2𝑚2 + ⋯+ 𝑦𝑛𝑚𝑛, 

ZCoMMtotal = ∑𝑧1𝑚1 + 𝑧2𝑚2 + ⋯+ 𝑧𝑛𝑚𝑛   
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XCoM = 
𝑚2𝑥1 + 𝑚1(𝑥1 + 𝑥2)
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   We analyzed two cases in finding the minimum tipping force F, denoted F1 and F2 for cases 1 and 2 respectively.  

In Figure 5a, the applied force F1 represents a downward force resulting from the user either descending a hill or 

simply walking forward normally. Specifically, the situation analyzed was the moment that F1 becomes large enough 

to tip the walker backwards such that the front wheels lose contact with the ground. Contrastingly, the force F2 (Figure 

5b) represents an upward force from the user, assumed to be the result of the user tripping forwards. In both Figure 5a 

and 5b, x represents the distance between the applied force F and front of the walker, d represents the distance between 

the front of the walker and the CoM, h represents the height of the walker, L represents the distance between the front 

and back wheels, θ represents the angle between the front and back wheels, and N represents the normal force of the 

wheel contacting the ground (the back wheel in Figure 5a, the front wheel in Figure 5b). Note that the normal force 

would be located at the contact point between the wheel and the ground.  

3. Results 

3.1 Center of Mass 

Using equation (1) and the simplified three-mass system, the following three coordinates were found to describe the 

center of mass: 

 

 

 

 

  

 

   Equation (4) shows that the z coordinate of the CoM is a fraction of the distance z1, since  
2𝑚1

2𝑚1+𝑚2
 is less than 1. 

Similarly, equation (2) can be simplified to 
𝑚1 + 𝑚2

2𝑚1+𝑚2
𝑥1 +

𝑚1

2𝑚1+𝑚2
𝑥2, which means that the x coordinate of the CoM is 

less than x1+x2. This shows that the x,z coordinate of the CoM lies within the walker’s support polygon (‘Top View’ 

in Figure 4), demonstrating that the walker is statically stable.  

3.2 Static Analysis 

3.2.1 Case 1 

Assuming static equilibrium, Newton’s 2nd Law was used to find the sum of the forces in the x and y direction, as well 

as the sum of the torques. In case 1, the sum of the torques was taken about point A, and in case 2 they were taken 

about point B (Figure 5). In addition, the weight of the walker, W, is positioned at the CoM in Figure 5, and was 

assumed to be 30 lbs. To generate a graphical relationship between φ and F, the following further assumptions were 

made: d = 5 in, L = 25 in, θ = 35°, h = 37 in, and x = 22.5 in. 

   The directions of the two extreme cases for the tipping force vector are shown in Figure 6 (at φ = 0 and φ = 90). In 

order to prevent the walker from tipping for all φ, strategies were developed to simultaneously resolve the tipping 

problem at both extremes, thus ensuring that all cases with x and y components will also be resolved. In order to 

resolve the horizontal component of force, which is towards the walker’s rear (Figure 5a), a counteracting horizontal 

force will be supplied by the motorized front wheels of the walker. This is part of criteria 3 from the design criteria. 

In order to resolve the vertical component of force, it was found that by extending the back wheels to approximately 

the horizontal position of F1, the magnitude of F1 approached infinity, indicating an extremely large minimum force 

required to tip the walker. These two strategies, when performed in tandem, will ensure the walker remains stable 

during use and will prevent the walker from sliding out from beneath the user.  
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Figure 7. Tipping force versus inclination angle for an upwards force shown in case 2 

(Figure 5b). The arrows represent the direction of the force F2. Note that this shows 

the minimum force required to tip the walker. 

 

 

 

 

3.2.2 Case 2 

In case 2, F2 represents an upward applied force resulting from the user tripping forward and pulling the walker from 

the bottom of the handlebars. Similar to case 1, resolving the two extreme cases simultaneously will also resolve all 

forces with x and y components. Only a small force is required to tip the walker in this case, however, by using the 

actuated back leg system and swinging the back wheels to contact the ground in front of the walker, the back wheels 

are able to catch the walker and thus the user before the entire system tips too far forward.  

 

 

 

 

 

 

 

Figure 6. Tipping force magnitude versus inclination angle for a downwards force shown 

in case 1 (Figure 5a). The arrows represent the direction of the tipping force F1.  



 

Figure 8. Schematic view of the walker including initial joint parameters and 

conditions. An x1,y1 coordinate system as well as an x2,y2 coordinate system 

were defined relative to the global x0,y0 coordinate system. 

3.3 Forward Kinematics 

Forward kinematics can be used to simplify and track the positional information of every point on the walker. By 

defining two coordinate systems relative to the global coordinate system, only two homogeneous transformations were 

needed to generate the forward kinematic equations governing the motion of each point on the walker by treating the 

walker as a two-link robotic system (Figure 8). d represents the length of the back legs, H the length from the pivot 

point (where the back legs attach to the main frame) to the ground, R the radius of the front wheels, α the rotation of 

the front wheel, θ1 the angle between the global coordinate system and the x1,y1 coordinate system, and θ2 the angle 

between the x1,y1 coordinate system and the x2,y2 coordinate system. 

 

 

 

 

   Using the walker’s dimensions and initial joint parameters, the following system of homogeneous transformations 

was developed for determining the walker’s motion.  

 

 

 

 

 

   In these equations, T01 represents the homogenous transformation between the global coordinate system and the 

x1,y1 coordinate system, T12 represents the homogeneous transformation between the x1,y1 coordinate system and the 

x2,y2 coordinate system, and T02 represents the homogeneous transformation between the global coordinate system 

and the x2,y2 coordinate system. Note that c𝜃𝑖  = cos(𝜃𝑖),  s𝜃𝑖  = sin(𝜃𝑖). The model was imported into MATLAB as 

two .STL files and these kinematic equations were recorded to animate the walker’s motion. 

   These forward kinematic equations provide a host of information regarding the position and trajectory of the walker, 

and this information can be used to animate the walker and qualitatively evaluate the design by how it moves through 

space. Additionally, this provides the foundation with which the velocities, accelerations, forces, and torques 

experienced throughout the walker may be found by simply taking the derivative with respect to time of these 

transformations.  
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4. Conclusion 

Falls are a very significant concern for the elderly population because they are so highly linked to hospitalizations, 

injury, and even death. Here a new robotic walker has been presented with an active fall-prevention technology. The 

proposed design combines the versatility found in the lightweight commercially available walkers, while also 

containing the motorized drive system that reduces the effort required by the user to move. Furthermore, the proposed 

design has been validated mathematically showing that it is statically stable, and the first steps of kinematic analysis 

have been performed. Future work will involve derivation of the walker’s dynamics and development of the control 

system. 
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