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The goal of this work is to parametrically design an affordable platform attachable to a wheelchair of- 

fering autonomous guidance to people with disabilities. Special focus is given on manufacturability and 

assemble-ability of the platform. This mobility platform consists of a number of modules, most of which 

are expected to be manufactured utilizing AM technologies. Moving into the humanitarian engineering 

domain, under the prism of customization / personalization, the main objective is to offer different vari- 

ants of assembled platforms. To this end, a well-defined parametric design flow has been utilized fol- 

lowed by a manufacturability analysis. This procedure helps defining what variant should be used as per 

the requirements presumed and what modules are going to be used in each case. Furthermore, parame- 

ters of the modules themselves can be chosen based on the usability. Such parameters include the infill 

of the modules and their dimensions. 
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. Introduction 

The requirement to develop assistive technologies for people 

ith disabilities has led to the utilization of Additive Manufac- 

uring (AM), as a mean to provide customized/personalized prod- 

cts and enhance health and safety conditions ( Mourtzis and 

oukas, 2014 ; Bikas et al., 2016 ). Thus, significant effort has been 

arried out to design and produce additive manufactured compo- 

ents, that find numerous applications in such assistive technolo- 

ies and are in line with several design and technical require- 

ents ( Pandremenos and Chryssolouris, 2009 ; Foteinopoulos et al., 

018 ). In the context of humanitarian engineering (HE), parame- 

erization in design is a promising concept that enables the cus- 

omization of each individual component from the design phase 

f the product. This paper focuses on the parametric design and 

ssembly capability of a mobility platform, that will be attached 

o a wheelchair offering autonomous navigation. For this process 

lanning driven concept, AM technology is being utilized for the 

evelopment of different sets of modules consisting the platform. 
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ach set of modules forms a different type of platform based on 

he different requirements defined by the user and the construc- 

or of the wheelchair. The proposed framework relies on the estab- 

ishment of a well-defined parametric design strategy, with manu- 

acturability and assemble-ability being the main objectives taken 

nder consideration. The scope is to develop an additive manufac- 

ured part that meets the technical requirements of perfect fitting 

nd easy, low-cost production, as well as the aesthetic needs of a 

idely preferable product. 

With the design of the smart mobility platform case as a mo- 

ivation, the current work is a case for including humanitarian en- 

ineering into designing such a platform and AM has been used 

o address the needs for customization, as enforced by the para- 

etric character if the problem. The three major concepts uti- 

ized herein, Humanitarian Engineering, Product Design and Man- 

facturability analysis (including Design for Assembly), as broader 

erms able to generalize the current framework, are joined to ex- 

ract proper specifications for the use of the platform as per fol- 

owing schema: (a) Humanitarian Engineering provides the “regions 

f use”, making the platform useful. Health Science is also used to 

his end. (b) Product Design contributes to formal parametric de- 

cription of the part and emphasizes the functional characteristics. 
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Fig. 1. Product design flow. 

f

a

i

s

t

t

o

s

2

o

g

i

s

a

i

s

q

t

t

a  

c  

2

3

t

t

o

n

m

o

d

s

t

t  

b

3

i

p

n

p

fi

3

t

a

t

Nomenclature 

AM additive manufacturing 

HE humanitarian engineering 

SM subtractive manufacturing 

DfA design for assembly 

FDM fused deposition modelling 

SLS selective laser sintering 

WAAM wire arc additive manufacturing 

c) Manufacturability Study provides the Manufacturing Criteria ren- 

ering the implementation possible. The added value of the cur- 

ent work is the fusion of the three aspects and their introduction 

n such an application. 

. State of the art 

As the focus of this work is the relationship between design, 

anufacturability and assemble-ability, only directly related works 

ave been mentioned in the brief literature review below. 

.1. Humanitarian engineering 

Under the prism of engineering as a social tool, recent devel- 

pments over the last several decades have made it possible to 

ransform technology from machine-oriented, designed to increase 

roductivity and quantification, to more human-centric, to simplify 

nteraction with technology and improve the well-being of individ- 

als. Technology is being positioned to be transformed from a priv- 

lege to a social benefit. Humanitarian engineering and humanitar- 

an technology can assist at several levels, through the application 

f engineering knowledge and services for humanitarian aid pur- 

oses ( Campbell and Wilson, 2011 ). Developing affordable health- 

are technologies is also included in Humanitarian Engineering do- 

ains ( Ohio State University, 2020 ) even though this is hard to 

emonstrate herein. Developing for people with disabilities in the 

ontext of HE is associated with several technological advances on 

obility services, due to the ability to define the wheelchair user’s 

equirements and to orient research and engineering towards these 

eeds. This work covers in brief the phases of design, the manufac- 

urability and the assemble-ability of the platform. In these phases, 

E contributes mainly with introducing criteria like customization 

nd of course interpreting diseases to operational conditions. 

.2. Product design 

Product design is a set of activities that involves more than en- 

ineering. It is fraught with risks and opportunities and it requires 

ffective judgment over technology, the market and time ( Otto and 

ood, 2001 ). The design process can be divided into three stages 

 Fig. 1 ). 

The design process begins with the insight, that includes the 

roblem or the opportunity which motivates people. 

The second stage of the design thinking process is 

deation/creative. It is necessary to spend time in the field, 

bserve and research. After that, the design team must analyze 

nd include the acquired information in order to determine the 

ost important characteristics and to detect the solutions and the 

pportunities for change. 

The last stage of the design thinking process is execution, when 

he most promising ideas generated during insight and ideation 

re turned into a concrete, fully conceived action plan. At the core 

f the execution process is prototyping, turning ideas into actual 

roducts and services that are then tested, iterated, evaluated and 

efined ( Brown and Jocelyn, 2010 ). 
60 
In order to achieve design customization, that relies on the dif- 

erent requirements being defined by the condition of the patient, 

 parametric design strategy is being followed. Parametric design 

s characterized by the numerous opportunities offered to the de- 

igner, due to the rapid change of the dimensions and the struc- 

ure. Nevertheless, parameterization increases complexity of both 

he designing task and the interface, as modelling is required not 

nly for the component being designed, but also for a conceptual 

tructure that enables variation ( Aish and Woodbury, 2005 ). 

.3. Manufacturability analysis 

While there are significantly fewer constraints imposed on ge- 

metry in AM in comparison with Subtractive Manufacturing (SM), 

eometric features that are difficult to manufacture via AM still ex- 

st. Defining these constraints and providing design guidelines is 

till a significant need in AM research. While an AM build is rel- 

tively easy to begin (e.g. tool-path creation is automated), other 

mportant aspects of additive processes must be mapped and con- 

idered during the design process, including material compatibility, 

uality limitations (e.g. surface roughness, tolerances), and interac- 

ions between build geometry and process parameters (e.g. orien- 

ation of layers and thus anisotropy, presence of support structures, 

nd surface area of each layer; if the surface area is too large, it can

ause layer warping and delamination) ( Lynn et al., 2016 ; Shi et al.,

018 ). 

. Approach 

For the development of the different set of modules that consist 

he platform, the definition of all relative aspects and characteris- 

ics is required. To this end, observation, research and recreation 

n a wheelchair model has been established. Furthermore, as fi- 

al step before the modules design, the categorization of all deter- 

ined requirements that will address the different specifications 

f the parametric characteristics has been performed. The parts 

esign framework has been established based on the three main 

tages of the product design process; insight, creative and execu- 

ion. In similar applications, this procedure may need to be itera- 

ive ( Kildal et al., 2019 ) and for sure experts in medicine need to

e kept in this design loop. 

.1. “Insight” – first stage of product design 

The first and critical stage of the product design process is the 

nsight. It includes observation and research of the already existing 

roducts and techniques, as well as the definition of the different 

eeds that come up as part of the use of the product. The insight 

hase is divided into two subcategories; observe/research and de- 

ne. 

.1.1. “Observe/Research” - first stage of the insight phase 

The first stage of the insight phase includes the development of 

he CAD model of the wheelchair. In this phase, the geometry and 

rchitecture of the model is being carefully examined to initialize 

he basic concept of the mobility platform. The connecting parts 
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etween the wheelchair and the platform, as well as the comfort 

f the user and an ergonomic design are of high importance. 

.1.2. “Define” - second stage of the insight phase 

Moving into the second stage of the insight phase, specific re- 

uirements are being defined considering the use of the product. 

nitially, the first set of requirements has been determined regard- 

ng the size, the declination of the chair and the material. These 

haracteristics were not associated with the requirements of the 

latform, as the modules that are being developed are related only 

o mobility and not to the needs of the wheelchair user. As the 

onnectivity to several wheelchair models, including electric, is be- 

ng considered, the next step of the proposed framework is based 

n the examination of the mobility requirements of the wheelchair. 

tudying all possible requirements for the enhanced navigation and 

unctioning of both the wheelchair and the mobility platform with 

n electrical system, the following characteristics have been deter- 

ined for the parts development. 

• Speed limitations 

• Affordability 

• Obstacle climbing (including ramps, curbs etc.) 

• Braking performance 

• Maneuverability 

• Battery range, sufficient for the needs of the user 

• Emergency button 

• Disability type of the user 

Furthermore, another set of requirements has been defined 

ased on the health condition of the wheelchair user. The different 

ypes of disabilities that can be addressed by the proposed mobil- 

ty platform are listed below ( Zakiei et al., 2018 ). 

• Paraplegia-All kinds 

• Tetraplegia-Incomplete 

• Neurodegenerative diseases-All kinds (at the initial stage) 

• Neurological disorders affecting movements-All kinds 

• Poliomyelitis 

• Lower limbs amputations-All kinds 

For the last set of requirements, the following limitations have 

een determined based on the international wheelchair safety 

tandards ( Michael and Graham, 2013 ). 

• Speed ≤ 20 km/h 

• Battery: Autonomy for 10 km 

• Combined weight < 50 kg 

• Emergency button that will be attached in the platform for im- 

mediate stop or ask for help ( Batavia, 2010 ) 

.2. “Creative”- second stage of product design 

The second phase of the product design is crucial for the ex- 

cution of the procedure. Each requirement that has been already 

efined should be taken into consideration and strategically be cat- 

gorized. An initial stage of designing is important in order to de- 

ne the characteristics that will be parameterized. 

.2.1. “Strategize and ideate”- first stage of the creative phase 

Two main concepts have been concerned for the mobility plat- 

orm, each representing a different set of modules. In the first con- 

ept, a wheel-equipped platform will be attached in the front of 

he wheelchair ( Fig. 5: First and second mobility platform Fig. 5 ), 

hile the second concept refers to a platform that will be attached 

o the wheelchair using the wheelchair rear wheels for naviga- 

ion ( Fig. 6 ). According to this strategy, the platform consists of six 

odules. 

• A base with wheels for the first concept 
61 
• A base that will be attached to the rear wheels of the 

wheelchair for the second concept 

• A tube 

• A bended tube 

• A keyboard 

• A screen 

Design for assembly 

Following the initial design phase, it is necessary to follow a 

esign for Assembly (DfA) structure as the platforms are con- 

idered to assemble and disassemble each time according to the 

ser’s needs. This term mainly refers to the design of the sys- 

em for performing assembly process, but in the present work 

t will refer to the design of the product for ease of assembly 

 Brandon, 2016 ). 

The key aspects that have been taken under consideration are 

he functional analysis to examine the functionality of each compo- 

ent, the handling/feeding analysis for each part to assess the dif- 

culty of joining whether by hand (handling) or with automated 

ssembly equipment (feeding), and the fixing analysis to examine 

he feasibility and practicality of joining. 

The “team-based DfA method”, also known as the “post-it 

ethod”, has been utilized for the visualization of the assembly se- 

uence in order to identify possible improvements ( Appleton and 

arside, 20 0 0 ). This approach is more effective when it integrates 

ifferent perspectives delivered by experiences of manufacturing 

ngineers, purchasing, maintenance, etc. The mapping of the over- 

ll assembly sequence, including sub-assemblies in order to op- 

imize assembly throughput., can be addressed with the utiliza- 

ion of specific sets of score-sheets ( Moultrie and Maier, 2014 ; 

mith, 1998 ). In this work, the DfA approach for the mobility plat- 

orm is based on the score retrieved from the following scoresheets 

 Figs. 2–4 ). The main objective is a functional and user-friendly as- 

embly between the modules. The characteristics defined through 

he DfA procedure will define the geometry and specifications of 

he modules consisting the platform 

.2.2. “Design”- second stage of the creative phase 

Based on the requirements being defined in the previous 

hases, the final model of the mobility platform has been designed 

or each of the two concepts ( Figs. 5 , 6 ). 

.3. “Execution”- last stage of product design 

The execution is the final part of the product design process. 

his involves the part production and evaluation. In this work, the 

ctual manufacture of the components is considered to be repre- 

ented by a manufacturability analysis on the AM process. Further- 

ore, stress analysis is being performed in order to define the op- 

imum selection for the different set of modules under different 

cenarios. 

.3.1. “Produce” - manufacturability analysis 

By examining all relevant aspects of the manufacturability anal- 

sis, the following manufacturability factors have been defined. 

• Build volume: The material will be metal, probably aluminum. 

• Minimum feature size: The features of the modules are de- 

signed aiming at the simplification at the printing process. 

• Volume of Support material: Support material are required in 

several AM processes. For instance, if an AM process such as 

DMD is being selected, several modules will require a specific 

amount of supports. 

• Build time: The build time is mainly linked to the layer thick- 

ness and the dimensions of the part. It is also affected by the 

speed that it is selected for the printing process, in order to 

produce the parts with the minimum error. 
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Fig. 2. First DfA spreadsheet. 

Fig. 3. Second DfA spreadsheet. 

62 



A. Papacharalampopoulos, A. Karapiperi and P. Stavropoulos Procedia CIRP 97 (2021) 59–65 

Fig. 4. Third DfA spreadsheet. 

Fig. 5. First and second mobility platform concept. 

Fig. 6. Details of the designs. 
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Fig. 7. Manufacturability studies results. Displacement analysis (left), Building time of base 2 as a function of infill percentage (right). 
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Table 1 

Final selection of the platform. 

Scenarios Platform Justification 

Declination ε (0 °, 15 °] + Poliomyelitis 

–Paraplegia-Lower Amputations 

/Neurodegenerative 

diseases/Neurological disorders/All –

if connected with lack of face 

movement 

1 The movement on 

front helps overpass 

low curbs 

Declination only on one side ε (0 °, 
15 °] + all the medical conditions 

2 Full attachment on the 

wheelchair can 

overpass easier 

terrains with 

inclination only in 

one side 

Tetraplegia + Declination > 15 °
/Declination only on one side > 15 °
/Declination = 0 °

2 Lower self-frequency 

offers comfort to 

patients with severe 

conditions 

All- if connected with hearing or 

visual prob- 

lems + Declination > 15 °/Declination 

only on one side > 15 °
/Declination = 0 °

2 With the appropriate 

changes on the 

structure can come 

closer to the 

body/face of the user 

Declination > 15 °/Declination only on 

one side > 15 °/Declination = 0 °+ 

Poliomyelitis –Paraplegia-Lower 

Amputations /Neurodegenerative 

diseases/Neurological disorders/All –

if connected with lack of face 

movement 

1, 2 –

Declination ε (0 °, 15 °] + Tetraplegia 2 Depends on the 

percentage of the 

curbs on the terrain. 

Increased comfort to 

the user. 

Declination ε (0 °, 15 °] + All- if 

connected with hearing or visual 

problems 

1 Depends on the 

percentage of the 

curbs on the terrain. 

Increased 

adjustability. 

q

/

b

w

d

t

s

a

• Estimation of surface roughness: It is important to minimize 

the roughness not only for better fitting, as there are male and 

female adaptors but also for the aesthetic reasons. 

• Build Orientation: All the aforementioned factors depend on the 

orientation of the part with respect to the machine axis. The 

optimum orientation of the part is related to its characteristics 

and its intended use, in terms of functionality. 

To classify and select among the available AM processes, a 

umber of criteria should be examined, including geometry, ma- 

erial and lot size. Additional criteria could be implemented in the 

ecision-making process, such as lead time, unit cost etc. In this 

ork, the Selective Laser Sintering (SLS) and Wire Arc AM (WAAM) 

re being examined and evaluated. 

Despite the simplicity of the designed components, support ma- 

erial is required in the WAAM process. Furthermore, accuracy and 

inimum surface roughness are of high importance to enable as- 

embly and decorative purposes. Regarding the lot size, the pro- 

uction volume is considered to increase within the next years. 

he strength and quality related to several parameters, but the lack 

f structure in SLS is a major contributor to a better quality due 

o the lack of many post-processes, as also WAAM is commonly 

inked to distortion and residual stress problems. Therefore, in or- 

er to avoid as much as possible post processing, the selection of 

owder bed techniques could be rather promising. 

.3.2. “Evaluate” - deformation and stress analysis of the platforms 

During the evaluation phase, stress analysis is being performed 

n each module and platform. Subsequently, based on the ac- 

uired results, each platform will be categorized based on different 

cenarios. The requirements that define the different navigation 

nd wheelchair utilization scenarios are the following: (a) Obstacle 

limbing (including ramps, curbs etc.), (b) Braking performance, (c) 

aneuverability, (d) Condition of the user. 

For the stress analysis, a specific weight is being considered, 

s part of the wheelchair and the user, and the stresses have 

een put considering the weight and the constraints. The analysis 

as pseudo statistic, taking into consideration specific weights and 

onstraints as well as the frequencies of each platform in order to 

nderstand the behavior of each one in a terrain with curbs. 

. Results 

Partial results regarding manufacturability can be seen indica- 

ively in Fig. 7 . Such studies can help take decisions on cost, time, 
64 
uality (in terms of strength) and of course flexibility of process 

 part combination. Also, for the efficient association of each mo- 

ility platform concept with the needs and requirements of people 

ith disabilities, it is of high importance the categorization of the 

ifferent kinds of disabilities into groups of subcategories. Some of 

he conditions of the user can be merged together as they have 

imilar characteristics, as, for instance, paraplegia and lower limbs 

mputations. On the other hand, those related to obstacle climbing 
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Table 2 

Categorization of the parameters according to every occasion. 

Requirements Specifications 

Environment- 

terrain 

Higher maintenance- 

turbulences and many 

curbs 

Tubes with bigger 

thickness and diameter 

and 100% infill 

Increased disturbance in 

terrain surface 

1st platform-larger 

wheels-larger panel 

Comfort Kids Tubes with the 

appropriate height 

Users with sight problems 

(ex. Polio) 

Tubes with the 

appropriate height and 

length-2nd platform 

Wheelchair, lower than 

the typical one 

Smallest distance between 

panel and arm-1st 

platform 

c

p

a

t
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t
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S

Z  
annot be merged but eventually are taken into consideration in 

airs. Visual or hearing disability of the user that requires specific 

djustment of the platform should be, also, considered. In order 

o create the following list that connects the condition, the terrain 

nd the necessities of the platform, some categories are merged 

 Table 1 ). 

As for the parameters of each platform, the categorization over 

he environment/terrain and comfort should be taken into account 

 Table 2 ). 

It can be observed that the parameters are associated to specific 

cenarios and the platforms of mass production will be manufac- 

ured based on the reference dimensions. However, for the spe- 

ific needs that the user may have, personalization on the mobility 

latform can be performed. Moreover, in the case that the plat- 

orm will be integrated as a rental service on public places such 

s in museums or malls, the client of the service may request cus- 

omization, based on modifications required due to the environ- 

ent, the terrain or the utilization conditions. 

. Conclusions and future work 

In this work, the parametric design of two mobility platform 

oncepts for integration to different wheelchair models has been 

xamined. The establishment of the proposed framework relies on 

he product design procedure, examining and addressing all rel- 

vant aspects regarding the utilization of AM technology for the 

evelopment of the designed components, and the different kinds 

f disability. The “team-based DfA method” can lead to the defini- 

ion of significant part characteristics that enhances the assemble- 

bility of the mobility platform. As customization/personalization 

s significantly enabled through the utilization of AM technology, 

he development of the different set of modules proposed in this 

ramework is considered to be additivse manufactured. Though 

M, increased performance in assembly can, also, be observed. 

evertheless, a number of manufacturing factors should be taken 

nto consideration to deliver the optimum quality for the product. 

Finally, the proposed mobility platform concepts have been as- 

ociated with the wheelchair user requirements and the operative 

cenarios. It has been observed that in the majority of scenarios, 

he second mobility platform is the optimum solution for the user. 

evertheless, the first mobility platform concept is related to in- 

reased adjustability on the user requirements. 
65 
As future work, the outcomes acquired within this work could 

e utilized as a basis for the development of an advanced model 

f a mobility platform, that enables further customization to the 

ser. Furthermore, on the technical point of view, research could 

e performed on the autonomous navigation system of the mo- 

ility platform, while the affordability has to be investigated with 

ore concrete data, once the technology review has finished. 
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