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INTRODUCAO

A Tecnologia Assistiva esteve presente desde as primeiras etapas de minha
formac&o académica,a partir do crescente interesse nos processos de reabilitacdo e
inclusdo social da pessoa com deficiéncia. Despertou-me especial interesse o grande
potencial que o uso bem-sucedido de produtos como cadeira de rodas, proteses e
orteses pode representar na vida de seus usuérios. De forma mais intensa durante a
especializacdo (Residéncia) e minha atuacdo como Professor e Supervisor de Estagio
em Fisioterapia nas Condi¢cdes Neurolbgicas, pude acompanhar as mudancas em
todo o processo de reabilitacdo de pessoas - em sua maioria adultos jovens - que
sofreram Traumatismo Raquimedular e apresentaram quadros de paraplegia e
tetraplegia. O longo caminho de recuperacédo da independéncia representava uma
transformagé&o de vida e a descoberta de novos desafios mas, também, possibilidades
de efetiva participacdo social. O sucesso deste processo resultava, em grande parte,
do adequado uso das tecnologias assistivas e de reabilitacdo. Cadeiras de rodas,
orteses, adaptacOes para atividades de vida diaria e dispositivos auxiliares da marcha
(tais como muletas, andadores) representavam instrumentos decisivos de etapas nas
guais o paciente recuperava de forma progressiva o dominio de sua independéncia
no dia-a-dia. A atuacdo em todas as etapas deste processo me possibilitou a
experiéncia na indicacdo, selecdo, configuracdo e adequacdo de produtos de
Tecnologia Assistiva e de Reabilitacdo, assim como a confeccado de adaptacdes em
PVC para atividades de alimentacéo, escrita e digitacéo, e posicionadores provisorios
feitos com atadura gessada.

Foi com a experiéncia no projeto de iniciacdo esportiva para pessoas com
paraplegia e tetraplegia usuarias de cadeira de rodas que pude observar uma drastica
mudanca de visao e perspectiva na vida destas pessoas: de pacientes em ambiente
ambulatorial e hospitalar a atletas participantes de competicbes. Os equipamentos
assistivos para pratica de esportes apresentavam caracteristicas diferentes dos
tradicionais para uso diario e especificas para o desempenho das modalidades. Foi
um prazer e grande aprendizado poder atuar nestes dois contextos - reabilitacéo e
esporte - e aprender sobre as especificidades das tecnologias assistivas.

O uso das cadeiras de rodas em um contexto esportivo de treinamento em forte

intensidade traz a tona os problemas de sobrecarga biomecanica e interfaces



inadequadas: queixas de dor e lesbes nos ombros, cotovelos e punhos, assim como
lesBes de pele nas maos em decorréncia do atrito com as rodas ao impulsiona-las.
Isto chamou a atencao para a necessidade e potencial de aprimoramento no design
da cadeira de rodas e seus componentes/acessoérios e, com esta motivacao,
desenvolvi nos cursos de mestrado e doutorado pelo Programa de Pds-graduacéo
Interunidades Bioengenharia - EESC/FMRP/IQSC - Universidade de S&o Paulo,
projetos de pesquisa e desenvolvimento em cadeira de rodas. O trabalho
interdisciplinar entre saude e engenharia, desenvolvido junto a meus orientadores
Profa. Dra. Valéria Meirelles Carril Elui e Carlos Alberto Fortulan, no Laboratério de
Tribologia e Compésitos - LTC-EESC (USP, Sao Carlos), foi muito importante em
minha formag&o e me propiciou o desenvolvimento de competéncias e habilidades
relacionadas ao Design de Produtos, tais como: Metodologias de Projeto, Desenho
Técnico, Modelagem Tridimensional, Materiais em Engenharia, confec¢ao de moldes,
Impresséo 3D e desenvolvimento de modelos e protoétipos. Destes anos de pesquisa
durante o mestrado e doutorado resultaram dois depdsitos de patente (modelos de
utilidade) relacionados a cadeira de rodas: um aro de propulsdo com caracteristicas
ergondémicas; e uma cadeira de rodas manual com assisténcia motorizada com
caracteristicas inovadoras no sistema de transmissao e propulséo.

Muito além das respostas imediatas as questbes de pesquisa exploradas
durante o mestrado e doutorado, a pesquisa na area de mobilidade em cadeira de
rodas me revelou ainda muitas perguntas a serem exploradas. Ao ingressar na
Universidade Estadual Paulista “Julio de Mesquita Filho” - UNESP como docente do
Departamento de Design da Faculdade de Arquitetura, Artes e Comunicacao - FAAC,
estabeleci como principal objeto de pesquisa o design de cadeira de rodas e suas
implicacbes para o usuario. Neste sentido, desenvolvi no Laboratério de Ergonomia e
Interfaces - LEI-UNESP, projetos com financiamento da PROPeUNESP, FAPESP, e
orientei alunos de iniciacdo cientifica, e mestrado em pesquisas relacionadas ao
design de cadeira de rodas. Como resultado, diversos trabalhos na area foram
publicados em revistas cientificas e capitulos de livro, assim como apresentados em
eventos cientificos nacionais e internacionais. Agradeco aqui a parceria do Prof. Tit.
Luis Carlos Paschoarelli, coordenador do LEI-UNESP, em grande parte destes

trabalhos.



A ampliacdo da atuacdo em pesquisa para outros topicos relacionados a area
de Tecnologia Assistiva - tais como érteses, préteses e produtos para a independéncia
nas atividades de vida diaria - foi um processo natural que resultou do estudo e
aprofundamento sobre o tema, colaboragées com outros pesquisadores, e a procura
por parte de alunos com manifesto interesse em desenvolver projetos e pesquisas na
area. Desta forma, a partir de 2016 comecei a ampliar minha atuacdo em pesquisa na
area de Design e Tecnologia Assistiva, abordando temas como impressdao 3D
aplicada a oOrteses e proteses personalizadas, desenvolvimento de brinquedos
educativos inclusivos para criancas com deficiéncia visual, motora e cognitiva,
projetos de produtos para idosos institucionalizados, entre outros. A descoberta do
potencial de atuacdo do Design em areas tao diversas relacionadas a produtos para
pessoas com deficiéncia representou novos caminhos para minha atuacéo académica
e cientifica. Desta maneira, passei a, por meio de colaboracdo estabelecida com
instituicbes de apoio e reabilitacdo a pessoa com deficiéncia, proporcionar aos alunos
a experiéncia de desenvolvimento de projetos de design em um contexto de
demandas reais dos usuarios. Algumas atividades da disciplina Design Inclusivo e o
desenvolvimento de projetos de conclusdo passaram a ocorrer neste contexto, a partir
do qual observei seu impacto positivo no engajamento dos alunos com os projetos e
disciplina.

No ambito da extensao universitaria, coordenei (de 2015 a 2017) o projeto “O
Design como instrumento para praticas inclusivas em escolas municipais”, por meio
do qual a equipe desenvolvia estratégias em design e instrumentos ludicos para
abordar o tema da incluséo social da pessoa com deficiéncia com alunos do ensino
fundamental em escolas de Bauru. Foi uma experiéncia muito gratificante e
enriquecedora trabalhar de forma colaborativa com alunos do projeto e professores,
diretores e coordenadores pedagdgicos das escolas.

No ano de 2016, tive a oportunidade de trabalhar na proposi¢cao de um projeto
internacional junto a pesquisadores da Oslo Metropolitan University (Oslo, Noruega),
o qual foi submetido e aprovado em um edital de agéncia norueguesa para projetos
de parceria entre instituicbes da Noruega e paises do BRICS. O projeto, intitulado
“Collaborative Design and Prototyping of Assistive Technologies and Products for

Independent Living”, teve inicio em 2017 e por meio de financiamento deste projeto,
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alunos de mestrado e doutorado tiveram a oportunidade de realizar estagio para
desenvolvimento de parte de suas pesquisas em Oslo.

Ainda no ambito da internacionalizagdo, tive aprovacdo no Edital
PROPGUNESP 02/2019 - Redes de Pesquisa Internacionais, de uma proposta de
criacdo de uma rede de pesquisa, da qual sou o pesquisador responsavel, na area de
Tecnologia Assistiva, Design e Reabilitacdo, junto a pesquisadores da UNESP,
OsloMet e University of Queensland (Australia).

Os diversos caminhos pelos quais desenvolvi minhas acbes em ensino,
pesquisa e extensdo apresentam como denominador comum a area de Tecnologia
Assistiva, e propiciaram condi¢cdes para meu amadurecimento académico, cientifico
e profissional.

No texto a seguir, sdo apresentados os principais estudos desenvolvidos sobre
a pesquisa e desenvolvimento de cadeira de rodas e suas as principais contribuicbes
a area do Design e Tecnologia Assistiva. Destaca-se o carater interdisciplinar
presente na construcédo, desenvolvimento e discussédo dos achados destes estudos:
Design, Engenharias e Areas da Salde constroem as bases para a pesquisa dos
aspectos praticos, estéticos e simbdlicos da cadeira de rodas, bem como das
propostas de inovacdo. Reflete, de algum modo, os caminhos pelos quais desenvolvi

minha formacgéo académica e cientifica.
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1. DEFICIENCIA E TECNOLOGIA ASSISTIVA

Em todo o mundo, estima-se que 15% da populacdo apresente algum tipo de
Deficiéncia (OMS, 2011). Em suas rotinas diarias, as pessoas com deficiéncia sédo
frequentemente expostas a barreiras que podem limitar sua participacdo plena e
efetiva na sociedade. A néo-participagcdo de uma pessoa com deficiéncia na
sociedade deve ser compreendida a partir de uma perspectiva multifatorial. Embora
muitas vezes as barreiras fisicas sdo as mais comumente conhecidas ou visiveis, ha
aspectos sociais, emocionais e atitudinais que podem ser igualmente limitadoras da
participacao social.

A Classificagdo Internacional de Funcionalidade, Incapacidade e Saude (CIF)
define a deficiéncia como “problemas na funcao ou estrutura corporal, tais como um
desvio ou perda significativos” e a incapacidade decorrente da deficiéncia como
resultado da interacdo entre individuos com necessidades especificas e fatores
pessoais e ambientais (DI NUBILA; BUCHALLA, 2008).

A Tecnologia Assistiva esta diretamente relacionada a Deficiéncia. A
Organizacao estima que mais de 1 bilhdo de pessoas no mundo precisam de um ou
mais produto assistivo (OMS, 2011). O conceito de Tecnologia Assistiva no Brasil

refere-se a:

[...] uma area do conhecimento, de caracteristica interdisciplinar, que engloba
produtos, recursos, metodologias, estratégias, praticas e servicos que
objetivam promover a funcionalidade, relacionada a atividade e participagao
de pessoas com deficiéncia, incapacidades ou mobilidade reduzida, visando
sua autonomia, independéncia, qualidade de vida e incluséo social (BRASIL,
2009, p.9).

Estando a pessoa com deficiéncia e as questbes que determinam sua
funcionalidade e independéncia em posicdo central no conceito de Tecnologia
Assistiva, destaca-se o papel impar desempenhado pelo Design na abordagem de
aprimoramento da interface entre usuario e produto assistivo.

A Tecnologia Assistiva €, portanto, um dos principais meios de melhorar a

funcionalidade das pessoas com deficiéncia. Conforme destacado pela Organizacao
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Mundial de Saude (2011), os produtos assistivos geralmente representam o primeiro
passo a incluséo e participacéo social, contribuindo para uma vida digna.

O sucesso no uso de um produto assistivo pode representar a seu USUario a
independéncia nas atividades diarias e efetiva participacdo social. E, portanto,
fundamental que todo o processo de prescricao, selecdo e treinamento de uso de
Tecnologia Assistiva seja conduzido a partir de uma abordagem que considere o0s
multiplos fatores que podem levar ao sucesso ou insucesso No uso.

Diferentemente de diversos outros produtos amplamente utilizados pela
populacdo geral, os dispositivos assistivos apresentam caracteristicas especiais na
interagcdo com o usuario. Primeiramente, ha uma relagédo de necessidade de uso do
produto, sem o qual determinadas atividades tornam-se dificultadas ou mesmo
impossiveis de serem realizadas. Neste sentido, o produto deve estar adequado as
condicbes e necessidades especificas do usuario para o desempenho de suas
atividades nos ambientes em que estas séo realizadas. De uma maneira geral, 0os
determinantes do uso bem-sucedido da Tecnologia Assistiva (Figura 1), tomando
como exemplo uma cadeira de rodas, podem ser organizados em trés principais

fatores: (i) do usuario; (ii) do produto; e (iii) do ambiente.

Figura 1. Uso bem-sucedido da Tecnologia Assistiva: principais fatores determinantes. Fonte: autor.

Os fatores do usuario compreendem suas: caracteristicas fisicas;
independéncia funcional nas atividades diarias; capacidades e habilidades fisicas,
cognitivas e sensoriais; e necessidades, expectativas e preferéncias. No ambito do

produto, os fatores envolvem o desenho e os aspectos fisicos como massa,
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dimensdes, forma, cores; além da demanda de habilidades fisicas, cognitivas e
sensoriais exigidas para aprender e utilizar o produto. Por sua vez, os fatores do
ambiente relacionam-se as condi¢cdes gerais dos espacos nos quais o produto é
utilizado, tais como: acessibilidade e condi¢des do terreno e piso. Ressalta-se que o
sucesso no uso do produto do equilibrio entre estes trés fatores e das condi¢des da
atividade: intensidade, duragéo e frequéncia.

A relacao entre estes fatores gera interacdes, as quais podem ser investigadas
a partir de pesquisas que, em Ultima analise, podem fundamentar proposicées para a
otimizacdo do desempenho geral do sistema. O estudo das interacdes entre usuario
e produto contribuem para o entendimento da maneira com a qual as fun¢des do
produto atendem as demandas do usuario. De acordo com Lobach (2001), o design
de um produto deve ser analisado considerando ndo somente suas fun¢des praticas
(de uso), mas também as funcdes estéticas e simbolicas. Esta constatacdo traz
importantes implicacbes para a pesquisa em design e, mais especificamente, a
pesquisa sobre produtos assistivos, pois aborda ndo somente o desempenho
funcional dos produtos, mas igualmente suas representacdes e a maneira com a qual
0 usuario se identifica e relaciona com ele. A ndo-aceitacdo e o abandono de
Tecnologia Assistiva estéao relacionados, em alguma medida, a aspectos simbolicos
e 0 estigma associado ao uso destes produtos. Portanto, o estudo do design de
Tecnologia Assistiva a partir de uma visdo mais ampla de suas fungdes e interacbes
com o usuario pode contribuir com o desenvolvimento de produtos ndo apenas

eficientes, mas também aceitaveis e desejaveis.
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2. A CADEIRA DE RODAS E A MOBILIDADE

Dentre os diversos produtos de Tecnologia Assistiva, a cadeira de rodas é
possivelmente um dos mais representativos. Observe-se a sinalizacdo para
estacionamentos e banheiros destinados a pessoa com deficiéncia: o simbolo
mundialmente utilizado é de uma cadeira de rodas. Portanto, este € um produto que,
além de sua funcdo imediata de mobilidade, deve-se considerar que seu uso traz
implicagbes sociais e emocionais igualmente importantes.

A cadeira de rodas é um produto que objetiva promover e melhorar a
mobilidade de pessoas com incapacidade ou acometimento fisico que impedem ou
limitam a locomocéao independente e segura por meio da marcha. Do ponto de vista
biomecanico, o principal problema da cadeira de rodas é a sobrecarga a qual os
musculos e articulagdes dos membros superiores sao expostos durante a propulsao
manual. Seu uso apresenta especificidades que a diferenciam dos demais produtos
de mobilidade. O estudo de Sonenblum et al. (2012) demonstrou que 0S USUarios
ocupam a cadeira de rodas por um tempo diario médio de 11 horas, no entanto em
pouco mais de 1 hora estao efetivamente se movimentando. Portanto, durante grande
parte da interacéo, a cadeira de rodas € utilizada como um dispositivo postural, e ndo
como um produto de mobilidade.

Ao aplicar forcas de impulsdo nas rodas de forma ritmica e repetitiva, o usuario
impbe movimento e controla a trajetdria e velocidade da cadeira. O estudo das
técnicas de propulsdo manual identificou padrbes de movimento (Figura 2), os quais
resultam de trés principais fatores: a estratégia biomecéanica do usuario; a posi¢cao do
usuario em relacdo as rodas traseiras; e o0 contexto da atividade (condicBes de

terreno, inclinacéo, velocidade, entre outros).

)
D) CD CYES

Semicircular Arco Volta Unica Volta dupla

Figura 2. Técnicas de propulsdao manual. Adaptado de: KOONTZ et al. (2009).
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Do ponto de vista de trabalho muscular e desempenho do movimento, a técnica
de propulsdo manual mais efetiva € aquela em que o usuério impulsiona a roda por
um arco maior de contato (angulo de impulsdo), e que o movimento de retorno
(iniciado na liberacao das méaos apos a impulsao seguido de movimento para tras para
iniciar um novo contato para nova impulséo) é feito com o menor trabalho muscular,
ou seja, da forma mais passiva possivel. Portanto, a combinacédo de amplo angulo de
impulsdo com baixa demanda biomecéanica no movimento de recuperacéo representa
a melhor condicdo ergondmica para o usuario. A técnica de propulsdo que melhor se
encaixa nesta condicdo é o padrdo semicircular. No entanto, em algumas situacoes a
execucado desta técnica ndo € possivel, principalmente por conta de fatores do
usuario, por exemplo condi¢cbes de limitacdo de forca e amplitude de movimento
articular do ombro; e do design e configuracdo da cadeira, quando o eixo das rodas
traseiras esta posicionado muito para tras em relacdo ao usuario, o que melhora a
estabilidade da cadeira porém acaba por limitar o alcance dos membros superiores
as rodas, limitando o usuario a desempenhar uma técnica de propulsao ineficiente,
com pequeno angulo de impulsédo, maior frequéncia de toque e trabalho muscular
tanto na fase de impulsdo quanto de recuperacao. Portanto, considerar estes fatores
no design de cadeira de rodas € fundamental para possibilitar ao usuario condices

de uso mais eficientes do produto.

2.1 O Design da cadeira de rodas: aspectos que influenciam a

mobilidade do usuario

Existem diversos modelos de cadeira de rodas disponiveis comercialmente e
com caracteristicas diferentes no que diz respeito a estrutura, tamanho, massa,
acessorios, posicdo dos componentes, ajustes, tipos e tamanhos de rodas e pneus,
entre outros aspectos. No entanto, apesar das diversas possibilidades de design e
configuragédo do equipamento, grande parte das decisdes de escolha e indicagéo da
cadeira de rodas para o usuario ndo leva em consideracéo as diversas possibilidades
de personalizacdo, normalmente limitando-se principalmente a massa e facilidade de

desmontagem e transporte. Evidentemente estes sdo aspectos importantes para o
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usuario, familiares e cuidadores: um equipamento mais leve € sempre positivo; e,
guanto maior sua facilidade de desmontar e montar o equipamento, mais facil é o
armazenamento e transporte no bagageiro do automével. Estas sao situacdes que de
fato devem ser consideradas na escolha de uma cadeira de rodas, uma vez que a
facilidade de transporte € um aspecto fundamental para a independéncia do usuario
em suas atividades.

Entretanto, os diversos ajustes, configuracdes e desenhos de cadeira de rodas
podem trazer implicacdes imediatas ao usuario no que diz respeito a estabilidade do
equipamento e risco de quedas, assim como facilidade de impulsionar e realizar as
diversas manobras e movimentos caracteristicos da mobilidade diaria.
Especificamente entre dois aspectos de grande relevancia - estabilidade da cadeira e
facilidade de movimentacao - ha um ténue equilibrio que, em muitas das vezes, nao
€ conseguido, o que acaba por impactar comprometer a mobilidade em algumas
situagdes. Por exemplo: a medida mais imediata para garantir a estabilidade da
cadeira e, desta forma, reduzir o risco de quedas, € a escolha de modelos de cadeira
cujo eixo das rodas traseiras fica em posicdo mais posterior; ou, quando este ajuste
é disponivel em determinados modelos, posicionar o eixo na posicdo mais posterior
possivel. De fato, ganha-se maior estabilidade por meio de um aumento da base de
apoio no sentido posterior, diminuindo-se assim o risco de queda para tras (que pode
ocorrer em rampas, subidas e por movimentos bruscos). Por outro lado, a roda
traseira em posicdo mais posterior em relacdo ao usuario limita o alcance deste as
rodas, ou seja, o arco de circunferéncia por meio do qual o usuério faz contato e
impulsiona as rodas € reduzido (GORCE; LOUIS, 2012). Portanto, o usuario precisa
aumentar a frequéncia de impulsédo para compensar o0 menor angulo de contato de
acdo nas rodas. Além disso, as rodas traseiras, quando posicionadas muito
posteriores ao usuario, acabam por dificultar ou mesmo impedir a manobra de
empinar a cadeira, que € um movimento fundamental para transpor diversos
obstaculos encontrados durante a mobilidade diéria.

Diferentes designs e discretas alteracfes na configuracao da cadeira de rodas
podem trazer implicacdes tanto imediatas - estabilidade e facilidade de locomocé&o e
realizacdo de manobras - quanto tardias - demanda biomecéanica - a interacdo do
usuario com a cadeira. A necessidade de se compreender de que forma os mais

diversos ajustes e configuragbes de componentes da cadeira influenciam a
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mobilidade do usuério justificou a realizagdo de um estudo de revisao de literatura que

analisou as evidéncias disponiveis em artigos cientificos sobre aspectos especificos

do design e configuracdo de cadeira de rodas (Figura 3). Neste estudo (MEDOLA et

al., 2014a), foram analisados 55 artigos que ressaltam os problemas relacionados ao

uso de cadeira de rodas manual, a necessidade de aprimorar as condi¢bes de

mobilidade ao usuéario e as evidéncias disponiveis acerca dos diversos aspectos de

configuracdo da cadeira e seu impacto a mobilidade do usuério.

O estudo identificou doze aspectos do design e configuracéo da cadeira como

principais fatores que influenciam a mobilidade do usuario:

Altura do encosto;

Angulo entre o encosto e o0 assento;

Posicéo horizontal das rodas traseiras em relacdo ao encosto/assento;
Posicéo vertical das rodas traseiras em relagéo ao encosto/assento;
Inclinagéo (cambagem) das rodas traseiras;

Material da estrutura da cadeira;

Design da estrutura da cadeira,

Design e material das rodas traseiras;

Tipo de pneu (macico ou inflavel);

Tamanho e tipo de pneu das rodas dianteiras (casters);

Posicéao do apoio dos pés; e Design do aro propulsor.
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Figura 3. Principais aspectos do design e configuracdo da cadeira de rodas que influenciam a
mobilidade: vista lateral (a); vista frontal (b). Fonte: MEDOLA et al. (2014a).

A posicéao relativa do usuario as rodas traseiras é possivelmente o principal
aspecto que determina a facilidade na locomoc¢ao e as demandas biomecéanicas da
propulsdo manual. Neste sentido, sdo aspectos determinantes a posicao
vertical/horizontal das rodas traseiras: Quanto mais alto e anterior estiver o usuario
em relacdo as rodas, menor sua capacidade de alcance e angulo de impulséo,
limitando ao usuéario uma propulsdo manual caracterizada por pequeno angulo de
contato e maior frequéncia (BONINGER et al., 2000). Tem-se, portanto, uma situacéo
de baixa eficiéncia da propulsdo que, considerando o uso prolongado da cadeira, pode
resultar em maior risco do desenvolvimento de lesdes por sobrecarga biomecéanica
dos membros superiores. De forma complementar ao posicionamento das rodas
traseiras, os demais aspectos do design e configuracdo da cadeira de rodas podem,
guando adequados as caracteristicas e necessidades especificas de cada usuario,
favorecer a eficiéncia da propulsdo manual, promovendo melhores condicdes para a
mobilidade independente e segura por tempo prolongado. Este é o desfecho
desejavel, o qual resulta da aplicagdo de conhecimentos de maneira interdisciplinar
em todas as etapas do projeto e processo de dispensacéo de cadeira de rodas.

O estudo traz de forma detalhada o impacto de diferentes ajustes e op¢des dos

aspectos do design do equipamento na mobilidade do usuario. Contribui, portanto,

19



tanto a profissionais das areas de projeto, ao fornecer diretrizes que podem ser
aplicadas no design de cadeira de rodas que favoreca a eficiéncia na mobilidade do
usuario, quanto a profissionais de salde e reabilitacdo que atuam diretamente com a
prescri¢do, adequacgéo e treinamento de cadeira de rodas.

Ao demonstrar 0 impacto que decisdes de design e configuracdao do
equipamento podem representar ao usuario, este estudo destaca a importancia do
design em dialogar com as diferentes areas do conhecimento, neste caso mais
especificamente as areas da Saude, Reabilitacdo e Engenharias. Uma visdo da
interacdo do usuario e sua cadeira de rodas a partir de uma perspectiva interdisciplinar
fornece condicdes ideais para a compreensao dos problemas decorrentes do uso
prolongado de cadeira de rodas e, desta forma, a demanda por inovacdo no design
deste dispositivo assistivo.

Com o objetivo de verificar as implicagcdes da posi¢cao horizontal do eixo das
rodas traseiras na demanda de trabalho muscular durante a propulsdo manual de
cadeira de rodas, foi realizado um estudo (BERTOLACCINI et al., 2018) cujos
resultados demonstraram que, em uma cadeira de rodas com ajuste do
posicionamento das rodas traseiras, 50 mm de deslocamento anterior das rodas
traseiras reduziu a atividade dos musculos do membro superior durante a execucao
de tarefas de mobilidade em cadeira de rodas. Neste estudo, onze voluntarios sem
deficiéncia e sem experiéncia com uso de cadeira de rodas realizaram um protocolo
de mobilidade em dois percursos: aceleracao em trajetéria retilinea, e percurso misto,
conforme proposto em um estudo anterior (MEDOLA et al., 2014b). Os testes foram
realizados com quatro configuracdes da mesma cadeira de rodas, variando em dois
aspectos (Figura 4): posicdo do eixo das rodas traseiras (posterior ou anterior, com
diferenca de 50 mm entre as duas posi¢cdes); e 0 uso ou ndo de acessorios (apoio dos

bracos e protetor lateral do assento).
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Figura 4. Configuracfes de cadeira de rodas avaliadas: 50 mm de deslocamento anteroposterior do
eixo das rodas traseiras (a); com e sem acessorios - apoio de bragos e protetor de assento (b).
Fonte: BERTOLACCINI et al. (2018).

Durante a realizacdo dos testes, foi registrada, por meio de eletromiografia de
superficie (sistema CAPTIV, TEA Ergo, Franca) atividade elétrica dos quatro
principais musculos do membro superior dominante que atuam na propulsdo manual
de cadeira de rodas: biceps braquial, triceps braquial, deltoide anterior e peitoral
maior.

Os resultados indicam que a posi¢éo anteriorizada em 50mm do eixo das rodas
traseiras reduz a demanda de trabalho muscular, 0 que demonstra o impacto que
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discretas alteragcdes em configuracdes da cadeira de rodas podem influenciar na
mobilidade do usuério. Ainda, destaca uma correlacdo entre os aspectos mecanicos
do equipamento e biomecanicos do uso. Por outro lado, n&o foi encontrado efeito do
uso de acessorios (apoio de bracos e protetor do assento) no nivel de atividade
muscular durante a propulsdo manual de cadeira de rodas. Os achados reforcam,
portanto, o papel central que o posicionamento do eixo das rodas traseiras
desempenha - dentre diversos aspectos da configuracéo da cadeira - na demanda de
trabalho muscular durante mobilidade do usuério e, portanto, deve ser abordado a
partir de uma perspectiva ergonémica de reducéo de sobrecarga e aprimoramento da
eficiéncia da atividade.

Do ponto de vista mecanico, a posicdo mais anterior das rodas traseiras deixa
a cadeira mais compacta ao reduzir seu comprimento. Na pratica, uma cadeira mais
compacta torna-se mais agil, com maior facilidade de realizacdo de manobras de giro
e curvas, além de deslocar-se com mais liberdade em espacos restritos. E, portanto,
uma medida benéfica ao usuario posicionar o eixo das rodas traseiras o0 mais anterior
possivel, desde que ndo comprometa sua estabilidade e seguranca. Inclusive esta é
uma recomendacao de um compéndio que diretrizes para a preservacado da funcao
dos membros superiores em usuarios de cadeira de rodas (PARALYZED VETERANS
OF AMERICA CONSORTIUM FOR SPINAL CORD MEDICINE, 2005).

2.2 Umavisdo mecanica sobre o movimento e design de cadeira
de rodas

Mecanicamente, a forca necessaria para acelerar em trajetoria retilinea uma
cadeira de rodas depende da inércia linear, enquanto a for¢ca necesséria para girar a
cadeira depende da inércia rotacional (CASPALL et al., 2013). O posicionamento
anteriorizado do eixo das rodas traseiras aproxima 0s elementos mais externos da
cadeira ao centro desta, 0 que contribui para reduzir a inércia rotacional do sistema.

Portanto, decisbes sobre o design, indicagdo e configuracdo da cadeira de
rodas devem considerar o impacto destas aos aspectos mecanicos, 0s quais trazem
implicacBes biomecéanicas ao usuario, mais diretamente nas forcas de propulsdo

necessarias para executar movimentos com a cadeira.
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Considerando que as manobras de giro e curvas sao movimentos muito
frequentes na mobilidade didria do usuério, foi proposto um estudo (MEDOLA,
SPRIGLE, 2014) com o objetivo de avaliar o impacto da massa e distribuicdo de
massa na inércia rotacional de cadeira de rodas manual. A pesquisa foi realizada no
Rehabilitation Engineering Applied Research Lab - (Rear-Lab), localizado no Center
for Assistive Technology and Environmental Access (CATEA), Georgia Institute of
Technology (Atlanta, Estados Unidos).

Para avaliacdo da Inercia Rotacional de cadeira de rodas, foi utilizada uma
plataforma giratéria denominada Imachine, disponivel no REAR-Lab e cujo
desenvolvimento foi descrito no estudo de Eicholtz et al. (2013). O sistema € composto
por uma plataforma giratéria presa com duas molas lineares em suas laterais, trés
sensores de forca (células de carga) e um encoder 6tico no centro da plataforma
giratoria, para deteccdo precisa de movimentos de rotacdo, conforme ilustrado na
Figura 5.

Figura 5. Plataforma iMachine para avaliagdo de inércia rotacional de cadeira de rodas.
Adaptado de: EICHOLTZ et al. (2013).

O teste consistia em posicionar a cadeira de rodas no centro da plataforma e,
por meio de um acionador mecéanico, impor movimento de rotacdo a plataforma com
frequéncia aproximada de 1,25 Hz em torno do eixo que cruza verticalmente o centro
da plataforma (Figura 6). A inércia rotacional é entdo medida a partir dos registros de

massa e periodo de oscilacdo da plataforma.

23



L T ——

Otonce 4o Fromt Covn () Ditamc 1 Cue Whee! bmi) [ - NOTES.
Model Parameters Tant 10AD ceus| [ neseraca | | ‘

S0 o
SO0 dekaden
HI RS forceA
orm - »:
O«
SHHE T spnnghote W)

oC gt
»

Data Stream Parameters

H s mareen.

H Ot harran

S8 mamcameter

S5 sennedDuslangty

SI00  scantreqeeney

S0 PCbutetun

H a— et
ooz

Load Colt Pacameters om0~ A

e | 1) |
v s o000 % \
w [ IOM‘ \
SOMAN Varrmd 00000
Sl 00, = -

0= ¥ T ¥ v % ¥ i T . \ T i T v v v ¥ v v 3
H s 600 030 02 0N 040 O 080 0N O0M 0M 100 Li0 10 1V 10 19 10 1N 1M 10 0 unnll
Pequncy

LE.%.%.8 %7

s : ] 5 8 L] g'
x B &
-L
‘%
g ——
,/:
4
6o
s

-
£
-
W N.8.7
o4
o

LO0W  commetiontioped -

g
S Daiocaras i)

(b)

Figura 6. Avaliacdo da Inércia Rotacional: cadeira de rodas posicionada na plataforma iMachine (a);

interface de registro e analise dos dados. Fonte: (a) MEDOLA; SPRIGLE, 2014; (b)

MEDOLA, 2013.

O procedimento de medida foi repetido cinco vezes, e a média dos valores de

inércia rotacional dos cinco registros foi entdo calculada.
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Com o objetivo de compreender o impacto que alteracbes na massa e
localizagdo da massa podem acarretar na inércia rotacional da cadeira de rodas e, em
consequéncia, na demanda biomecénica da mobilidade do usuario, foram avaliados
0S seguintes aspectos:

e Posicao do eixo das rodas traseiras;
e Tipo de roda/pneu (Figura 7);

e Adicdo de peso e localizacdo (no centro da cadeira ou nas rodas traseiras).

Figura 7. Dois modelos de rodas/pneus traseiros: roda multi-raios com pneu a ar (esquerda); rodas
seis raios pneu macico (direita). Fonte: MEDOLA (2013).

Os resultados, sumarizados nas Tabelas 1 e 2, comprovam que pequenas
alteracoes no design da cadeira podem impactar de forma significativa os parametros
mecanicos do equipamento, aqui destacado a inércia rotacional, a qual traz
implicacbes ao usuario no que diz respeito a intensidade de forca necessaria para

impor movimento de giro ou trajetdria curva a cadeira.
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Tabela 1. Médias da Inércia Rotacional com acréscimos de diferentes quantidades de massa em

posicéo central (no assento) e externa (raios das rodas)

Porcentagem de aumento
em relagdo a
configuracdo original

Configuragdo da Cadeira de Massa Total IR média
Rodas (kg) (kg.m?)

Cadeira de rodas com

. 1} = 12,15 1,101 -
configuragdo original
Cadeira de rodas + 0,25 kg no
. : 12,65 1,166 5,9 %
eixo de cada roda traseira
Cadeira de rodas + 0,4 kg no
: - 12,95 1,201 9%
eixo de cada roda traseira
Cadeira de rodas + 1,2 kg no
13,35 1,102 0,09 %
centro do assento
Cadeira de rodas + 5,5 kg no
17,65 1,127 2,36 %

centro do assento

Tabela 2. Médias da Inércia Rotacional com diferentes configuracGes de pneu (a ar ou macico),

rodas traseiras (multi-raios e raios largos) e posicao do eixo das rodas traseiras (anterior e posterior)

Porcentagem de

Posic¢do do eixo Eoniont imeudirods Massa IR Média aumento em
das rodas traseiras , (kg) (kg.m?) relagdo a menor
IR
Anterior Pneus a ar / Rodas multi-raios 12,15 1,073
Posterior Pneus a ar / Rodas multi-raios 12,15 1,101 2,6 %
Anterior Pneus macicos / Rodas raio largo 13,30 1,169 8,94%
Posterior Pneus macicos / Rodas raio largo 13,30 1,191 11%

O principal achado deste estudo foi 0 de que a distribuicdo de massa € um
aspecto mais importante a Inércia Rotacional do que a massa total: conforme
demonstrado na Tabela 1, o acréscimo de 0,4 kg em cada roda traseira implica em
maior aumento (9%) da Inércia Rotacional do que 5,5 kg (2,36%) no centro do
assento. Este é um achado que traz importantes implicacbes para o design,
configuracéo e uso de acessorios em cadeira de rodas.

Um outro achado de contribuigdo para a pratica de profissionais que atuam no
design, prescricdo e adequacdo de cadeira de rodas € a importancia do uso de rodas

e pneus leves, conforme demonstra os valores comparativos de IR nas duas
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configuragbes de roda/pneu avaliadas. Por fim, destaca-se que o posicionamento
posterior em 44,5 mm do eixo das rodas traseiras implica em aumentos de 2,6% (na
configuragdo com rodas multi-raios e pneus a ar) e 2,06% (rodas raios largos e pneus
macic¢os) na IR do sistema. Embora sejam acréscimos relativamente discretos, deve-
se considera-los no contexto de um conjunto de alteracdes e tipos de rodas e
acessorios. A soma de diversas alteracdes pode representar aumentos consideraveis
a IR com impacto as demandas biomecanicas para a propulsdo manual de cadeira de
rodas. Neste estudo, 0 uso de pneus macicos e rodas de raio largo, com o eixo em
posicao posterior, representou um aumento total de 11% na Inércia Rotacional da
cadeira de rodas.

Desta forma, este estudo contribuiu a area do design ao explorar as correlacdes
entre o design e configuracdo da cadeira de rodas e as implicacbes mecanicas, aqui
representadas pela inércia rotacional. Chama a atencéo, portanto, para a necessidade
de uma abordagem interdisciplinar ao processo de design, dispensacéo e adequacao
de cadeira de rodas.

Os problemas relacionados ao uso prolongado de cadeira de rodas manual
referem-se tanto a elevada prevaléncia de lesbes musculoesqueléticas
potencialmente incapacitantes decorrentes da sobrecarga biomecéanica da propulsao
manual; quanto as limitacdes de mobilidade que o uso da cadeira de rodas impde ao

usuario em sua rotina diaria.
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3. INOVACAO NO DESIGN DE CADEIRA DE RODAS:
PESQUISA E DESENVOLVIMENTO

3.1 Uma Proposta ErgonGmica para o Aro de Propulsdo Manual

A propulsdo manual de cadeira de rodas tem sido relacionada a alta
prevaléncia de lesdo nos membros superiores. A combinacéo de aplicacao de forcas
e movimento repetitivo sdo fatores que contribuem para o risco biomecanico inerente
a esta atividade e, como resultado, a ocorréncia de problemas inflamatérios nos
ombros e punhos (BONINGER et al., 2003; BONINGER et al., 2004) é frequente entre
usuarios de cadeira de rodas.

A interface da cadeira de rodas por meio da qual o usuario atua para promover
0 movimento é o aro de propulsdo manual, um tubo cilindrico metélico de 20 mm de
diametro posicionado de 1 a 2 mm externamente as rodas. A atividade de propulsdo
implica na atividade repetitiva de segurar e impulsionar o aro jA em movimento.
Estudos tém apontado que, do ponto de vista ergonémico, o design do aro propulsor
tradicional ndo oferece condicBes para uma impulséo eficiente, segura e confortavel
(KOONTZ et al., 2006; RICHTER et al., 2006). O design deste dispositivo pode ser
um dos fatores de contribuem para a lesdo nos membros superiores. O estudo de
Perks et al. (1994) encontrou que parte dos usuarios de cadeira de rodas nao utilizam
somente o0 aro propulsor para a impulsdo, mas o seguram junto com o pneu da roda,
provavelmente uma estratégia para conseguir uma preensdo mais firme para
impulsionar a roda. Ha, portanto, uma demanda ergonémica para 0 aprimoramento
no design do aro propulsor.

Com o objetivo de melhorar as condicBes ergonbmicas da atividade de
propulsdo manual de cadeira de rodas, foi desenvolvida uma proposta de design para
o0 aro propulsor com desenho adequado as caracteristicas anatdmicas e funcionais da
mao no desempenho da atividade de propulsdo manual de cadeira de rodas
(MEDOLA et al., 2012; MEDOLA, 2010). Considerando que o aro convencional
apresenta um design geométrico (cilindrico) com tamanho insuficiente (20 mm de
didmetro) para apoio estavel e confortavel das maos, a proposta de inovacao
desenvolvida neste estudo foi baseada em um design anatémico da interface manual.

Foram, portanto, propostas as seguintes diretrizes de projeto:
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e Oferecer maior area de contato para as maos;

e Desenho adequado ao formato do encaixe das maos para a atividade de
impulséo manual;

e A solucdo desenvolvida ndo deve exigir do usuario a alteracdo de sua técnica
de propulséo;

e A solucao desenvolvida ndo pode aumentar as dimensdes da cadeira.

A partir de estudos sobre antropometria das maos e ergonomia de instrumentos
manuais, o design proposto (Figura 8) buscou melhorar as condi¢cdes ergonémicas da
atividade. A maior area de contato, associada a um desenho anatdmico, melhora a
estabilidade das maos ao aro e reduz a exigéncia de movimentos de pinc¢a entre 0s
dedos polegar e indicador para segurar o aro. A superficie superior do aro permite o
apoio estavel e superficie de contato suficiente para o apoio do polegar e eminéncia
tenar, favorecendo o direcionamento da aplicacdo de forca no sentido do
deslocamento da cadeira. A superficie lateral € ampla e levemente convexa, para o
apoio estavel da palma das maos durante a impulsdo, assim como para a frenagem

da cadeira.
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Figura 8. Proposta ergondmica para o design do aro propulsor: vista em perspectiva do modelo
virtual (a); encaixe com as maos no aro tradicional a esquerda e protétipo a direita (b).
Fonte: MEDOLA (2010).

Foi desenvolvido um protétipo de aro propulsor para ser submetido a avaliacéo
com usuarios de cadeira de rodas. Para a confeccdo do prot6tipo, 0 processo
compreendeu: modelagem tridimensional em software CAD (SolidEdge ST2);
impressao tridimensional (impressora Zprinter 310, Z Corporation) em pé de peca
representativa de s da circunferéncia do aro (devido a impossibilidade de impresséo
do aro completo devido ao da area de impressao da impressora); reproducdo por
molde de silicone de pecas em resina de poliuretano (resina RP50, Oligom Tec);
montagem do aro por colagem das pecas; acabamento final.

Este processo possibilitou o desenvolvimento de um protétipo de um aro
propulsor cujo design foi baseado em principios de antropometria das maos e
ergonomia de instrumentos manuais. No entanto, para que o conceito seja validado e
seus potenciais beneficios verificados, é fundamental a realizagédo de testes, 0s quais

podem comprovar as qualidades e/ou demonstrar ainda problemas e limitagbes que
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evidenciem a necessidade de aprimoramento no design do produto. No estudo em
questdo (MEDOLA et al., 2012), além da descricdo das etapas de criacdo e
desenvolvimento do aro propulsor, foi também descrito o teste realizado com usuarios
de cadeira de rodas. Este teste foi proposto baseado no estudo de Kilkens et al.
(2004), e compreendeu a realizacdo de um conjunto de tarefas de mobilidade em
cadeira de rodas. Seis participantes, todos com paraplegia por lesdo da medula
espinhal e com experiéncia no uso de cadeira de rodas, realizaram o teste com 0s
dois modelos de aro propulsor (convencional e o protétipo desenvolvido), em ordem
aleatéria e, posteriormente, responderam um questionario com perguntas sobre a
percepcao com relacdo a aspectos ergondmicos da realizagdo da atividade com os
dois modelos de aro.

A realizacdo do teste comparativo do produto disponivel e protétipo
desenvolvido demonstrou que o este apresentou melhor avaliacdo por parte dos
usuarios, 0 que sugere que a concepcado do design com base em aspectos
antropomeétricos e ergonbmicos de instrumentos manuais promoveu melhores
condicBes de uso no contexto das tarefas realizadas no teste. Do ponto de vista da
ergonomia e inovacao de produtos em Tecnologia Assistiva, este resultado contribui
para a validacdo do conceito desenvolvido e, desta forma, fornece subsidios para
avaliacdo do impacto do uso mais a longo prazo e na rotina diaria de usuarios de
cadeira de rodas, 0 que nao foi investigado no ambito deste estudo.

O estudo dos problemas relacionados a mobilidade em cadeira de rodas, assim
como os achados positivos do estudo apresentado (MEDOLA et al., 2012),
possibilitaram o aprimoramento no design do aro e sua aplicacdo em um projeto mais
amplo de inovacao no design de cadeira de rodas manual.

A otimizacao do design do aro propulsor favorece a ergonomia da interface
manual por meio da qual o usuario impulsiona as rodas. Os potenciais beneficios séo,
desta forma, uma propulsdo manual com menor desconforto e maior seguranca e
eficiéncia na mobilidade. A originalidade deste projeto foi reconhecida por meio da
patente (modelo de utilidade) depositada junto ao Instituto Nacional de Propriedade
Intelectual - INPI (Namero BR102012027675A2, depdsito em 29/10/2012).
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3.1.1 Avaliacdo Ergondmica: contribui¢cfes para evidéncias em relacédo ao
design do aro propulsor de cadeira de rodas

O estudo com usuérios de cadeira de rodas indicou potenciais beneficios do
uso de um aro propulsor com design anatémico e com maior superficie de contato
para as maos. Possivelmente, o encaixe mais firme e estavel das maos ao aro com
menor desconforto seja devido a maior superficie de contato na regido da palma das
maos, conseguido por meio de um design que considerou 0s aspectos
antropomeétricos das méos na condicao da atividade de propulsdo manual.

Com o objetivo de verificar o impacto desta proposta de design em um
parametro ergonémico objetivo associado ao desconforto, foi proposto um estudo
comparativo entre os dois aros — cilindrico metalico convencional e aro ergonémico
(Figura 9) — de avaliacdo da distribuicéo de forcas de contato na superficie palmar das
maos (MEDOLA et al., 2014c). Do ponto de vista ergondémico, a ocorréncia de maiores
niveis de forca de contato em uma mesma area representa maior pressdo mecanica

e, consequentemente, maior intensidade de desconforto e risco de leséo por presséo.
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Figura 9. Aros propulsores: convencional (a); e ergonémico (b, c). Fonte: MEDOLA et al. (2014c).

Para avaliar as forcas de contato na superficie palmar, foi utilizada uma luva
instrumentada com dez sensores de forca, cujo desenvolvimento foi descrito no
estudo de Silva e Paschoarelli (2009). A localizacdo dos dez sensores de forca foi
definida considerando os pontos de maior preocupacao ergonémica na superficie
manual (FIGURA 10), agrupados em duas principais areas: falanges distais (pontas

dos dedos) e regido metacarpal (palma das maos).

Middle Index

Thumb

Thenar

i Hypothenar
Ring Little MC 3

(@) : (b)

Figura 10. Luva instrumentada com sensores de forca (a); localizagéo de dispositivo de aquisi¢édo de
dados e cabos em situagéo de coleta de dados (b). Fonte: MEDOLA et al. (2014c).
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Participaram da pesquisa 20 voluntarios, sem deficiéncia e sem experiéncia
com o uso de cadeira de rodas. Os participantes realizaram um protocolo de propulséo
manual em linha reta repetido por trés vezes, partindo com a cadeira parada,
acelerando e freando a cadeira, num total de cinco toques. Este estudo foi realizado
no Laboratério de Ergonomia e Interfaces - LEI-UNESP.

Os resultados demonstram que o design do aro propulsor influencia a
ergonomia da propulsdo manual de cadeira de rodas, ao influenciar a intensidade e
distribuicdo das forcas de contato na superficie palmar. Os resultados apontam para
um favorecimento ergonémico com o uso do protétipo aro propulsor desenvolvido. Foi
observado uma reducao nas forcas de contato sobre a superficie palmar nas duas
regides - falanges distais e metacarpal - durante a impulséo inicial, aceleragcdo em

deslocamento retilineo e frenagem da cadeira de rodas (Figura 11).

40
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35 B Aro ergondémico
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PROPULSAO INICIAL ACELERA(;AO FRENAGEM

Figura 11. Média de forcas de contato nas regifes distal (falanges distais dos dedos) e
MCmetacarpal (palma das méos) durante inicio, aceleracao e frenagem da cadeira de rodas.
Adaptado de: MEDOLA et al. (2014c).

Além disso, pode-se observar um pico nas forgas de contato sobre a superficie

das maos durante o inicio do movimento com o uso do aro propulsor convencional
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(Figura 12), o que demonstra a necessidade de maior intensidade de forca para

segurar e impulsionar o aro na impulsao inicial, a qual é explicada pelos desafios
inerciais em impor movimento a uma cadeira parada.

INiCIO

ACELERAGAO FRENAGEM

l‘

FORGA MEDIA (N)

\
\
1
1
1
1
1
1
~ 1
]
1
\
)

5o° 4
2 L e e e o o o o
ame s S

]
1]
1
I
L
1

TEMPO (s)

]
]
I
]
]
]
]
r
1
|
]
]
a
i
b
5

10

-== Distal aro convencional ——— Distal aro ergonémico

Metacarpal aro convencional —— Metacarpal aro ergonémico

Figura 12. Cinco impulsdes consecutivas nos aros propulsores partindo com a cadeira parada.
Adaptado de: MEDOLA et al. (2014c).

Mais recentemente, foi desenvolvido um estudo (SILVA et al.,, 2019)
comparativo dos mesmos aros propulsores (convencional e ergonémico), buscando
avaliar a distribuicdo de pressdao nas maos utilizando um sistema (Grip Versatek,
Tekscan) de sensoriamento mais completo, que monitora as forcas de contato em
toda a face palmar, e um protocolo de mobilidade composto por trajetéria mista:

retilinea e curva. Os materiais e procedimentos do estudo sédo apresentados na Figura
13.
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Figura 13. Esquema representativo dos materiais, métodos e procedimentos para o teste dos aros
propulsores com o sistema Grip Versatek. Fonte: SILVA et al. (2019).

Corroborando os achados do estudo anterior (MEDOLA et al., 2014c), os
resultados deste estudo demonstram que o protétipo do aro propulsor ergonémico
esteve relacionado a menores indices de pressdo na maior parte das regibes
analisadas, com excecao da regido da falange medial dos dedos (Figuras 14 e 15), o
gue pode ser explicado pelo contorno inferior da face externa do aro ergonémico, a
gual oferece um anteparo para suporte da regiao da falange medial dos dedos. Ainda,
os resultados indicam que a propulsdo manual com aros propulsores tradicionais (tubo
cilindrico metalico de 20 mm de diametro) tende a concentrar altos niveis de presséo
nas falanges distais e eminéncia hipotenar, enquanto o aro com design ergonémico
promove melhor distribuicdo da pressao na superficie palmar, ainda que também os
maiores niveis de pressdo na regido hipotenar. As falanges distais dos dedos sao
areas de muita sensibilidade e, portanto, reduzir os niveis de pressdo sobre esta

regido é um aspecto ergondémico positivo.
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Figura 14. Média dos niveis de pressdao em cada regido da méo direita durante curva para esquerda.

Fonte: SILVA et al. (2019).
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Figura 15. Média de pressdo em cada regido da mao direita em trajetdria retilinea. Fonte:
SILVA et al. (2019).

A distribuicdo de pressédo na superficie das médos € um parametro ergonémico
relevante no uso de cadeira de rodas manuais, uma vez as ac¢des do usuario para
movimentar-se com a cadeira sdo concentradas na interface entre aros propulsores e
as maos. Estes estudos reforcam o potencial do design em influenciar os aspectos
ergondémicos desta interagao.

Considerando que os usuarios utilizam a cadeira de rodas na maior parte de

suas rotinas diarias, ressalta-se, por fim, que melhorar as condi¢des ergonémicas da

37



cadeira de rodas deve ser uma meta a ser buscada no design desses dispositivos,
considerando o potencial impacto positivo que este aprimoramento pode trazer ao

usuério na interagdo com o produto.

3.2 Analise do Movimento livre em Cadeira de Rodas:

contribuicbes para a inovagao no Design de Cadeira de Rodas

Além das questdes biomecéanicas diretamente relacionadas a eficiéncia da
propulsdo manual, hd também desafios na rotina didria como a locomocdo em
rampas, aclives e por longas distancias ainda séo elevados e acabam por limitar a
mobilidade geral do usuario. Buscando abordar esta lacuna, foi desenvolvido um
projeto de cadeira de rodas manual com assisténcia motorizada (Figura 16), cujo
conceito de design foi descrito em Medola et al. (2014d). Enquanto no trabalho
anterior (MEDOLA et al., 2012) foi desenvolvido um novo design para um componente
da cadeira de rodas, o desafio no trabalho de Medola et al. (2014d) foi repensar o
design de uma cadeira manual a partir da implementacdo de um sistema de
motorizacdo assistida. Alguns principios nortearam o0 projeto: ndo aumentar o
tamanho da cadeira, o que poderia trazer problemas de acessibilidade; manutencao
da propulsdo manual como meio de o usuario impor movimento a cadeira; e manter

as mesmas condicdes de dirigibilidade de uma cadeira de rodas manual convencional.
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Figura 16. Projeto conceitual de uma cadeira de rodas manual com assisténcia motorizada por um
servo-motor posicionado entre os eixos das rodas traseiras. Adaptado de: MEDOLA et al. (2014d).

Para implementar este projeto de inovacao na area de mobilidade em cadeira
de rodas, foi necesséario inicialmente estudar como o ocorre 0 movimento da cadeira
de rodas, a partir de uma perspectiva mecanica, nas mais diversas condi¢cdes de
movimento livre. Para isto, foi realizado um estudo no Rehabilitation Engineering
Applied Research Laboratory (RearLab), do Center for Assistive Technology and
Environmental Access (CATEA), Georgia Institute of Technology, Atlanta, Estados
Unidos. Neste estudo (Medola et al., 2014b), buscou-se avaliar o comportamento da
energia cinética da cadeira de rodas em diferentes movimentos. De forma
simplificada, pode-se compreender a Energia Cinética do movimento em cadeira de
rodas manual como o resultado da forca de impulsdo aplicada pelo usuério, a qual
interage com o0s aspectos mecanico (inerciais) do equipamento e as forcas de
resisténcia (principalmente o atrito). A saida desta funcdo que representa o
movimento da cadeira e tem como entrada a agdo do usuario pode ser descrita pela
Energia Cinética e, portanto, sua andlise traz contribuicbes importantes para a
compreensao sobre o efeito do design do equipamento na eficiéncia do movimento.

Considerando os problemas decorrentes da sobrecarga biomecéanica do uso
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prolongado de cadeira de rodas manual, torna-se fundamental a salde e seguranca
do usuéario compreender os fatores do design que contribuem para maior eficiéncia de
movimento e menor sobrecarga.

De um ponto de vista mecénico, a cadeira de rodas pode ser considerada um
conjunto de 7 corpos rigidos unidos (Figura 17): estrutura, duas rodas traseiras, duas
rodas dianteiras (casters) e dois garfos (suporte para as rodas dianteiras). Portanto,
a andlise da energia cinética de toda a cadeira de rodas deve considerar o movimento
da cadeira inteira, das rodas traseiras, dos garfos e dos casters, cada um destes em

eixos definidos de movimento.

Figura 17. Cadeira de rodas: composicao de sete corpos rigidos: estrutura com encosto/assento (a);
duas rodas traseiras (b); duas rodas dianteiras (c); dois garfos (d). Fonte: MEDOLA; SPRIGLE
(2014).

A principal contribuicdo deste estudo esta no desenvolvimento de um método
para analisar a energia cinética de cadeira de rodas manual em movimento livre no
solo, o que permite compreender implicacbes do design e configuracdo do
equipamento no desempenho do movimento. Para isto, foi desenvolvida uma equacao
para determinacdo da energia cinética, a qual considera como dado de entrada a
velocidade de rotacdo das rodas traseiras e, a partir da qual obtém-se o raio de
curvatura, a velocidade do centro de massa do sistema e a taxa de giro da cadeira,

conforme modelo mecéanico proposto (Figura 18).
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Figura 18. Modelo para determinacéo do raio de curvatura, velocidade do centro de massa e

velocidade de giro a partir da medicdo de velocidade das duas rodas traseiras.

Fonte: MEDOLA et al. (2014b).

A equacao da Energia Cinética da cadeira de rodas (eq. 1) em movimento livre
compreende, portanto, a analise dos aspectos inerciais € movimento de todo o

sistema e cada um dos componentes: rodas traseiras, rodas dianteiras e garfos.
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Eqg. 1

Em que:

KE = Energia Cinética msys = massa

total do sistema Ve = velocidade do

centro de massa

I2,= Momento de inércia da cadeira de rodas sobre seu centro de massa

lyyo, lyyro= Momento de inércia das rodas traseiras esquerda e direita sobre seus
préprios eixos

lyy.c, lyyre= Momento de inércia das rodas dianteiras esquerda e direita sobre seus
préprios eixos
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lzzLF Lc, lzzrr,Rc= MOmMento de inércia dos garfos das rodas dianteiras esquerda e direita

sobre seus proprios eixos

A maior contribuicédo desta equacdo foi possibilitar a analise do comportamento
do movimento da cadeira de rodas em diferentes trajetérias e, desta forma,
compreender quais 0s componentes mecanicos mais envolvidos para cada situagao
de movimento. Para isto, foi realizada uma andlise da decomposicdo da energia

cinética em componente translacional, rotacional e de giro (Figura 19).

Energia 5 : Energia de
g. Energia Rotacional G.g
Translacional iro
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Massa do sistema Inércia rotacional das Inércia rotacional
e rodas traseiras sobre seu do sistema
préprio eixo
| Inércia rotacional Inércia
dos casters sobre o Rotacional dos
e plsgrio eixo | garfos e casters

sobre o quadro

Velocidade do velocidade de velocidade de
centro de massa rotacdo das rodas rotagdo da

cadeira

Figura 19. Decomposi¢éo da energia cinética da cadeira de rodas e seus determinantes mecanicos.

Fonte: MEDOLA (2013).

Considerando o componente de rotacdo como a rotacdo das rodas sobre o
préprio eixo, a analise mais interessante sob a perspectiva do design do dispositivo é
0 comportamento dos componentes translacional e de giro, ou seja, deslocamentos
lineares e curvos - respectivamente - da cadeira. Na figura 20 pode-se observar o
comportamento dos componentes da energia cinética em movimento retilineo: com a
cadeira de rodas parada, houve aceleragdo por meio de seis impulsbes. O

componente translacional é o responsavel por quase a totalidade da energia cinética
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da cadeira de rodas em movimento retilineo. Retomando a eq.1, tem-se que a massa
total do sistema é o principal componente inercial da energia cinética e, portanto, a

massa total da cadeira é o fator que mais influencia nos deslocamentos retilineos.
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Figura 20. Comportamento dos componentes da energia cinética em movimento retilineo.

Fonte: MEDOLA et al. (2014b).

Por outro lado, em um movimento de giro sobre o proprio eixo (Figura 21), o
principal componente da energia cinética total € o de giro (turning) no eixo vertical (Z2)
e, de acordo coma eq. 1, tem-se que 0s principais componentes inerciais sao a inércia
rotacional de todo sistema e o conjunto garfo/roda dianteira girando sobre o eixo Z.
Como a massa de todo sistema girando sobre o eixo Z exerce maior influéncia do que
a massa do dos garfos e rodas dianteiras, conclui-se que a distribuicdo de massa € o
fator que mais diretamente influencia este tipo de movimento de giro. Portanto, sob a
perspectiva do design da cadeira de rodas, duas diretrizes podem ser propostas para
melhorar a eficiéncia do movimento: reduzir o maximo possivel as dimensfes da
cadeira; e concentrar os elementos de maior massa mais proximos do centro da
cadeira. Destaca-se, desta forma, a importancia de se utilizar rodas traseiras leves,
uma vez que sdo componentes posicionados mais externamente e, portanto,
distantes do centro da cadeira, uma vez que pequenos aumentos no peso das rodas
podem resultar em aumento significativo na inércia rotacional do sistema. Esta, como
dito anteriormente, representa a resisténcia imposta ao usuario para realizar
movimento de giro da cadeira. Uma vez que estes movimentos sdo muito frequentes
na rotina diaria do usuério, reduzir a demanda de esforco biomecanico ao usuario
uma condicao positiva para a ergonomia do uso do dispositivo na medida em que

representa maior eficiéncia do movimento.
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Figura 21. Comportamento dos componentes da energia cinética em movimento de giro sobre o
proprio eixo. Fonte: MEDOLA et al. (2014b).

A grande maioria dos deslocamentos em cadeira de rodas realizados na
mobilidade diaria é caracterizada por numerosos episodios de movimento de curto
deslocamento (SONEMBLUM et al., 2012), e compostos por aceleracoes, frenagens,
movimentos curvos, retilineos e mistos, € importante que o design do dispositivo
considere ndo somente a menor massa possivel, mas igualmente a distribuicdo de
massa com dimensdes mais reduzidas e componentes mais externos (rodas traseiras,
rodas dianteiras e garfos) com menor massa, de forma a melhorar a eficiéncia do
movimento ao reduzir as demandas biomecéanicas para realizacdo das diferentes
acOes que compdem a mobilidade do usuéario.

A condicdo mista entre a trajetoria retilinea e o giro sobre o préprio eixo
representa, na pratica, 0 movimento por uma trajetéria curva. Neste caso, ha uma
troca de energia entre os componentes translacional e o de giro de acordo com a
trajetéria executada.

Este estudo (MEDOLA et al., 2014b) que abordou a analise da decomposicéo
da energia cinética da cadeira de rodas em movimento livre contribuiu para a
compreensao das implicacdes que decisdes sobre o design e configuracdo do
equipamento podem trazer para a eficiéncia da mobilidade do usuario. Chamou a
atencao, também, para a importancia de se estudar a mobilidade em cadeira de rodas
em condic¢bes similares as da mobilidade diaria do usuario, ou seja, movimento livre
em solo, composto por diferentes trajetorias (retilinea, curva, mista e de giro) e
aceleracfes. Uma proposta de circuito com estas caracteristicas foi proposta também

neste estudo (Figura 22).
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Figura 22. Comportamento dos componentes da energia cinética da cadeira de rodas em circuito
(abaixo na figura) com diferentes trajetdrias e aceleracGes. Fonte: MEDOLA et al. (2014b).

Este conhecimento dos aspectos mecanicos do movimento e suas implicacdes
ao movimento possibilitou a fundamentacdo da proposta de uma cadeira de rodas
manual com assisténcia motorizada, a partir de um Unico motor posicionado no centro
entre as rodas traseiras (Figura 16) e atuando com 0 mesmo torque nas duas rodas
traseiras, cujo projeto conceitual foi descrito em Medola et al. (2014d).

Esta proposta conceitual foi entdo implementada por meio da construcdo de
um prototipo, para entao ser submetido a testes de mobilidade. O projeto foi detalhado
e depositado junto ao Instituto Nacional de Propriedade Intelectual (INPI) como
Modelo de Utilidade (NUumero do registro: BR1020140126465). Os principais aspectos
de inovacédo neste projeto referem-se ao sistema de transmissédo de um anico motor
para as duas rodas traseiras, o que foi conseguido por meio da adaptacdo de um
sistema de diferencial mecéanico, o que permitiu que, mesmo com ambas as rodas
recebendo torque adicional a partir do mesmo motor, o usudrio tinha a possibilidade
de atuar (impulsionar ou frear) de maneira assimétrica nas rodas traseiras. Esta
caracteristica permitiu condi¢cdes de dirigibilidade similares a uma cadeira manual
convencional e, desta forma, aprimorou um dos aspectos de limitacdo nos sistemas
de motorizagao assistida para cadeira de rodas, conforme descrito no estudo de
Cooper et al. (2001), que indicou dificuldades de realizacdo de manobras em espagos

restritos com o uso destes sistemas.

45



Um outro aspecto de inovagao nesta proposta de design de cadeira de rodas
foi o projeto do cubo de roda que permitiu a conexao assimétrica entre o aro propulsor
e aroda. Nesta proposta, um aro propulsor ergondmico era conectado a roda de forma
assimétrica, com maior espaco entre 0 aro e a roda na por¢ado superior destes, de
forma a oferecer maior espaco e possibilidades de encaixe (preensédo) entre a mao e
o aro. Na porcéo inferior (préxima ao solo) o aro e a roda se aproximam. Portanto, o
aro propulsor mantém-se sempre em posi¢ao vertical, enquanto as rodas apresentam
inclinagdo de 5 graus. Esta inclinagéo, denominada cambagem das rodas traseiras,
melhora a estabilidade da cadeira ao aumentar a base de apoio no solo, assim como
facilita a realizacdo de manobras de giro. Portanto, obtém-se um favorecimento da
mobilidade ao melhorar a estabilidade da cadeira, facilitar a realizacdo de manobras
de giro, e melhorar as condi¢cbes para o acoplamento entre as maos e 0s aros
propulsores, com maior seguranca e possibilidade de variagdo do modo de preensao
(Figura 23).

(a) (b)
Figura 23. Encaixe da roda em cambagem com aro propulsor vertical: maior espacamento entre

roda e aro favorece o encaixe seguro e com varia¢do da forma de preensdo manual. Fonte:
MEDOLA (2013).

Desta forma, a partir da pesquisa em Design e Ergonomia da Cadeira de
Rodas, foi possivel compreender os principais fatores determinantes para a eficiéncia
da mobilidade, os quais foram entédo aplicados em um projeto inovador de cadeira de
rodas manual com assisténcia motorizada. Em sintese, este conceito de equipamento
busca aprimorar a mobilidade dos usuarios de cadeira de rodas a partir das seguintes

inovagoes:
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e Assisténcia motorizada que complementar a propulsdo manual, reduzindo
desta forma a sobrecarga biomecéanica nos membros superiores;

e Assisténcia motorizada a partir de um Unico motor atuando nas duas rodas
traseiras, por meio de um sistema de transmissédo com diferencial mecéanico, o
gue possibilita condicdes de mobilidade similares a uma cadeira manual
convencional;

e Aro propulsor com desenho ergondmico com maior superficie de contato e
formato anatdomico, o que favorece a estabilidade e conforto na preensao
manual;

e Encaixe do aro propulsor verticalizado a uma roda com inclinagao (cambagem)
por meio de um projeto inovador de cubo de roda e transmissdo das forcas
manuais aplicadas nos aros as rodas por meio de pinos de arraste perfurantes
aos raios das rodas, 0 que propicia mais espago as maos na parte superior do
aro/roda e minimiza o risco de traumas e lesdes no contato das maos as rodas

em giro durante a locomocao.

Para concluir o processo de pesquisa, inovacao e avaliacdo de prototipo, foi
realizado um estudo para avaliacdo biomecéanica da locomo¢ao em cadeira de rodas,
comparando-se o protétipo desenvolvido com uma cadeira manual convencional
durante a realizacdo de um conjunto de tarefas de mobilidade. O estudo contou com
a participacao de oito voluntarios sem deficiéncia e sem experiéncia com o uso de
cadeira de rodas. A partir de uma andlise que utilizou instrumentos de avaliacdo de
atividade muscular (eletromiografia de superficie) e de percepcdo de dificuldade
(Escala Visual Analogica) e esforco (Escala de Borg), foi possivel observar que
menores niveis de atividade muscular com o uso da cadeira servo-motorizada durante
a subida de rampa, o que demonstra o potencial impacto positivo na melhora da
mobilidade e reducédo da sobrecarga biomecéanica nesta condicdo de movimento.
Ainda, os resultados de percepcédo de esforco e dificuldade demonstraram que 0s
usuarios reportaram menor dificuldade e esforco com uso do protétipo desenvolvido
em comparagdo a cadeira convencional, exceto durante a descida de rampa, o que
pode ser explicado pela maior massa do equipamento e, portanto, necessidade de

atuacao com mais intensidade de forca para frear a cadeira durante a descida.
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Portanto, esta abordagem investigativa com métodos de ergonomia na
avaliagdo comparativa de um protétipo com aspectos inovadores e um produto
convencional possibilitou validar o conceito de cadeira de rodas desenvolvido na
medida em que demonstrou potenciais beneficios na mobilidade, por meio da maior
eficiéncia e menor sobrecarga biomecénica durante a locomocao. Entretanto,
ressalta-se que a pesquisa possibilitou identificar situacdes que necessitam ser
consideradas em um aprimoramento do projeto, particularmente a necessidade de
estabelecer solucdes para a frenagem da cadeira durante a descida de rampas. Esta
€ uma condicdo relativamente frequente na mobilidade diaria e, portanto, evitar
sobrecarga ao usuario durante esta atividade - conforme demonstrado pelos
resultados do estudo - deve ser um objetivo a ser buscado para aprimorar as
condi¢cBes ergonémicas do uso do protétipo.

Este estudo de avaliacdo comparativa do protétipo de cadeira servomotorizada
e uma cadeira manual convencional foi apresentado no evento “International
Symposium on Medical Robotics”, realizado na cidade de Atlanta, Estados Unidos, e
cuja publicacao do trabalho foi disponibilizada na base IEEExplore (MEDOLA et al.,
2018).

3.3 Conclusodes sobre os estudos mecanicos e biomecéanicos de
cadeira de rodas

Estes estudos de avaliacdo e desenvolvimento na area de mobilidade em
cadeira de rodas demonstram, inicialmente, a importancia de uma abordagem
interdisciplinar na conducao de um projeto que é construido a partir de conhecimentos
das areas de Design, Engenharias e Saude.

As Ciéncias da Saude, mais particularmente a Fisioterapia, contribui
principalmente para o entendimento do movimento humano e as questfes
biomecanicas e fisioldgicas envolvidas na mobilidade em cadeira de rodas, assim
como o0 conhecimento acerca das caracteristicas funcionais dos usuarios
considerando as diversas condi¢cdes de saude que levam ao acometimento fisico e
funcional e ao uso da cadeira de rodas. Esta visdo ampla das caracteristicas e
necessidades funcionais dos usuarios é uma das maiores contribuicbes que a
interdisciplinaridade com as é&reas da Salude e Reabilitagdo pode trazer ao

desenvolvimento de projetos.
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Por sua vez, a Engenharia traz o conhecimento do processo de projeto,
inovagao, materiais e processos de fabricacéo. Durante todo o projeto de pesquisa e
desenvolvimento na area de cadeira de rodas, foi de grande importancia a interface
com as Engenharias Mecanica, Elétrica, Mecatrbnica e de Materiais. Nos laboratdrios
de pesquisa em que desenvolvi minhas pesquisas de mestrado e doutorado, tanto na
Escola de Engenharia de Sao Carlos (USP) quanto no Center for Assistive Technology
and Environmental Access (CATEA) do Georgia Institute of Technology (Atlanta,
EUA), a interdisciplinaridade entre as areas de saude e Engenharia foi caracteristica
muito marcante em todos os projetos de pesquisa que pude conhecer e participar.
Este trabalho interdisciplinar € um aprendizado que eu trouxe destas experiéncias,
mantenho e tento aprimorar em minha carreira académica.

O Design, enquanto area do conhecimento, encaixa-se perfeitamente nesta
abordagem na medida em que o didlogo com outras areas do conhecimento €&
caracteristica muito presente em sua pratica. O foco na interface usuario/produto, cuja
apreciacao é de exceléncia a area do Design, traz uma perspectiva Unica a pesquisa
e desenvolvimento de projetos ao possibilitar uma visdo tanto humana quanto
projetual as interacdes entre usuario e produto. Aqui, € de grande contribuicdo a
ciéncia ergondmica e os conhecimentos, métodos de avaliagcdo e parametros que
permitem avaliar esta interacdo e torna-la, por meio de diversas abordagens, mais
harmonica.

Por fim, destaca-se o papel da pesquisa na producdo de conhecimento e
inovacdo. Nos estudos aqui apresentados, a pesquisa possibilitou compreender
problemas no uso de cadeira de rodas e demandas para o usuario, assim como o
entendimento dos aspectos mecanicos e dinamicos do movimento de cadeira de
rodas e suas implicacdes para a eficiéncia do movimento. A partir destes estudos, foi
possivel fundamentar propostas de inovacao no design do aro propulsor e de toda a
cadeira de rodas com vistas a reduzir os problemas e melhorar as condicbes de uso
e mobilidade para o usuério. Por fim, a pesquisa possibilitou avaliar as inovacdes
propostas, identificar aspectos positivos e outros que demandam aprimoramento no
projeto. Este processo iterativo € fundamental no desenvolvimento de projetos que
agregam pesquisa e desenvolvimento, como foi o caso do conjunto de estudos aqui
apresentados, todos centrados em um dos campos de grande desenvolvimento na

Tecnologia Assistiva: a Mobilidade em Cadeira de Rodas.
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4. ASPECTOS ESTETICOS, SIMBOLICOS E O ESTIGMA
ASSOCIADO A CADEIRA DE RODAS

A definicdo de Tecnologia Assistiva destaca 0 aspecto de suporte/auxilio a
diminuicdo da incapacidade funcional, promocédo de independéncia, participacao
social e qualidade de vida da pessoa com deficiéncia ou mobilidade reduzida. No
contexto dos produtos de Tecnologia Assistiva, tém-se um aspecto simbdlico muito
associado a condi¢cdes de incapacidade e dificuldade funcional que, em muitas
situacbes, manifesta-se como julgamentos negativos relacionados ao uso destes
produtos.

No texto “Design e Deficiéncia: Histdrica, Conceitos e Perspectivas” (MEDOLA,;
PASCHOARELLI, 2014) estes aspectos sao discutidos no contexto das relacdes entre
design e deficiéncia a partir da perspectiva do desenvolvimento de produtos.
Inicialmente, é feita uma contextualizacao historica da questao da deficiéncia, a qual
e fundamental para entender o processo que levou a um paradigma de incluséo social.
Neste, destaca-se a importancia de igualdade de oportunidades, sendo fundamental
0 acesso a servicos, ambientes e produtos.

Para se compreender as raizes desta percepcdo negativa relacionada aos
produtos de TA, é importante conhecer a questao da deficiéncia ao longo da historia,
compreendida como o conjunto de valores - sociais, religiosos, éticos e culturais - ao
longo do tempo (PACHECO; ALVES, 2007). A visao da deficiéncia, determinada por
este conjunto de fatores, teve um processo histérico que passou por marginalizacao,
assistencialismo, educacao e reabilitacdo, integracao e inclusdo social (MAZZOTA,
1999). Estas visbes ndo representam momentos separados, mas Sim um processo
continuo de mudanca gradual de tal maneira que, ainda atualmente, podem ser
observadas estas diferentes posturas acerca da deficiéncia.

E em um cenério atual de universalidade e igualdade que o Design se imp&e
como um dos pilares para a inovacgao para inclusédo social. Retomando as correlacées
entre os conceitos de deficiéncia, incapacidade e desvantagem abordadas no trabalho
de Amiralian et al. (2000), tem-se que a pratica do Design no contexto da Tecnologia
Assistiva tem como alvo a incapacidade decorrente de uma deficiéncia. Ao reduzir as
incapacidades e promover melhor funcionalidade e independéncia ao usuario, as

desvantagens sdo entdo diminuidas. Portanto, o desenvolvimento de solu¢cdes em
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Tecnologia Assistiva traz ao Design o desafio de explorar questdes funcionais dos
usuarios e as incapacidades decorrentes da deficiéncia, com o objetivo de diminuir as
limitacOes e favorecer e potencializar as habilidades da pessoa com deficiéncia. A
interdisciplinaridade tem um papel fundamental no desfecho bem-sucedido de
abordagens de design na area de Tecnologia Assistiva.

Além do objetivo de reduzir as incapacidades e melhorar a funcionalidade e
independéncia do usuario de Tecnologia Assistiva, 0 texto (MEDOLA;
PASCHOARELLI, 2014) aponta a necessidade de concepc¢éo de produtos atrativos e
desejaveis, destacando a preocupacdo com as questdes estéticas e simbdlicas que
podem comprometer a aceitacao, satisfacdo e engajamento ao uso destes produtos.
Idealmente, busca-se o0 design que promova o equilibrio entre inclusédo e nao-
diferenciacao.

A questdo estética e simbdlica traz a discusséo a respeito da identificacdo e
significagdo do produto para o usuario. Produtos de Tecnologia Assistiva sdo muitas
vezes associados ao aspecto pratico - funcdo primaria destes produtos - de
assisténcia para dificuldade ou incapacidade funcional. Esta “marca” negativa - aqui
denominado estigma - acaba sendo estendido também aos usuarios. A literatura
dispbe de estudos que abordam estigma relacionado ao uso de Tecnologia Assistiva
(PARETTE; SCHERER, 2004) e questbes acerca do uso e abandono de Tecnologia
Assistiva devido ao estigma (SCHERER, 1991; VERZA et al., 2006). De uma maneira
geral, o estigma pode ser compreendido como um conjunto de preconceitos sobre
uma caracteristica especifica relacionada ao papel social de um individuo na
sociedade. De acordo com o estudo de Bispo e Branco (2008), os objetos podem
provocar estere6tipos e desempenham um papel na construcéo daimagem da pessoa
com deficiéncia. A estética do produto € um dos aspectos que podem contribuir para
a estigmatizacdo associada a Tecnologia Assistiva (PARETTE; SCHERER, 2004), o
gue destaca o papel central que o Design pode desempenhar na diminuicdo do
julgamento negativo sobre produtos assistivos. E, portanto, fundamental que o design
de Tecnologias Assistivas considere ndo somente as questdes praticas - que
comunicam sua funcdo mais imediata - do produto, mas também aspectos estéticos
e simbdlicos que contribuam para produtos atrativos, personalizaveis, desejaveis e

gue atendam as expectativas e preferéncias dos usuarios.
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Em um estudo realizado com usuérios de cadeira de rodas (LANUTTI et al.,
2015), foi avaliada por meio de uma escala de diferencial seméantico a percepgao
deles sobre o significado de suas cadeiras. A escala de Diferencial Semantico,
composta de pares de adjetivos opostos ancorados nos extremos de uma escala de
sete pontos, foi construida a partir da realizacdo de uma atividade - grupo focal - com
usuarios, terapeutas ocupacionais, fisioterapeutas, médico, usuarios de cadeira de
rodas e familiares. Nesta atividade, foram apresentados diversos adjetivos que
poderiam estar associados ao produto cadeira de rodas. Foi uma etapa interessante
e fundamental para a selecdo dos adjetivos que iriam compor o instrumento de
avaliacdo, assim como para a substituicdo e definicho de termos familiares aos
usuarios, o que € importante para garantir condicbes adequadas de entendimento
para os respondentes. Alguns achados interessantes deste estudo apontam para
guestdes estéticas e simbolicas do design de cadeira de rodas: a maioria dos usuarios
considerou suas cadeiras mais “humildes” do que “sofisticadas”, e mais “padrdes” do
que “personalizadas’. Estes dois pontos indicam a necessidade de aprimoramento no
design do produto e, principalmente, personalizacdo, o que pode favorecer a

aceitacao e identificacdo com a tecnologia (Figura 24).

significafive fo p<0.05

Figura 24. Percepcdes dos usuarios sobre suas cadeiras de rodas. Fonte: LANUTTI et al. (2015).
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Um outro achado interessante foi a diferenca relacionada ao género dos
respondentes encontrada entre dois pares de adjetivos: usuarios do género masculino
consideraram a cadeira mais “eficiente” e “includente”, enquanto a média das
respostas dos respondentes do género feminino estava mais proxima do outro
extremo da escala, ou seja, dos adjetivos “excludente” e “ineficiente”. Trata-se de um
achado que deve ser interpretado a partir de uma perspectiva ampla e multidisciplinar,
pois pode estar associado a questdes tanto de ordem prética de uso, quanto estéticas
e simbdlicas com implicacfes a autoimagem e aspectos emocionais relacionados ao
uso deste produto.

Sob a perspectiva do Design, chama a atencdo para a necessidade de
aprimorar a ergonomia no que diz respeito a eficiéncia e condi¢des gerais de uso da
cadeira de rodas. Além disso, ressalta-se a necessidade de conhecer ndo somente
as necessidades funcionais do usuario, mas também suas preferéncias e expectativas
com relacdo ao produto, de forma a possibilitar o desenvolvimento de produtos mais
personalizados que, em Ultima analise, podem favorecer a aceitacao, satisfacéo e uso
bem-sucedido, reduzindo o risco de abandono da tecnologia.

Em um estudo mais recente (BOIANI et al., 2019) e realizado em colaboracao
com a Oslo Metropolitan University (Noruega), foi avaliada a percepcéo de pessoas
sem deficiéncia sobre quatro dispositivos assistivos de mobilidade: andador
tradicional, andador com rodas (rollator), cadeira de rodas manual e cadeira de rodas

motorizada (Figura 25).
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Figura 25. Representacfes das imagens dos quatro dispositivos assistivos de mobilidade: (a)
andador convencional; (b) andador com rodas (rollator); (c) cadeira de rodas manual; (d) cadeira de
rodas motorizada. As imagens originais apresentadas aos participantes foram retiradas de catalogos

das empresas, e por questdes de direitos autorais ndo sdo apresentadas aqui, sendo estas

representacdes de similares. Fonte: BOIANI et al., 2019.

Por meio de um questionario baseado em escala de diferencial semantico,
guarenta participantes reportaram suas percepcdes com relacdo as dimensdes
praticas, estéticas e simbdlicas dos produtos, considerando os seguintes pares de
adjetivos:  movell/estacionario;  feio/bonito;  pratico/ndo-pratico; leve/pesado;
chato/agradavel; excludente/includente; seguro/inseguro; confortavel/desconfortavel.
O questionario foi escrito em inglés e o estudo foi realizado no campus da Oslo
Metropolitan University, na cidade de Oslo, Noruega.

Nas dimens@es mais relacionadas com a estética, houve um padrdo de
percepcdes mais negativas associadas ao andador convencional e a cadeira de rodas
manual, e mais positivas relacionadas ao andador rollator e a cadeira de rodas
motorizada. Uma explicacdo possivel para estes achados € que os primeiros sao
visualmente menos complexos, enquanto os ultimos - rollator e cadeira motorizada -
sdo mais elaborados.

Os resultados indicam que os respondentes que possuem pessoas proximas

(familiares e/ou amigos) que fazem uso dos dispositivos de mobilidade deram
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respostas mais negativas em relacdo as caracteristicas do dispositivo comparados
aos respondentes sem convivio proximo com usuarios destes dispositivos, sugerindo
uma visao mais critica das limitacdes que estes produtos impdem aos usuarios.

Possivelmente o achado mais relevante refere-se ao fato de que os
participantes sem proximidade com usuarios de dispositivos assistivos de mobilidade
perceberam a cadeira de rodas manual como mais estigmatizante em comparacao
aos outros respondentes. Portanto, estes achados sugerem que 0 convivio com
usuarios de produtos assistivos € um fator positivo para percepcdes menos
estigmatizantes sobre 0 uso de Tecnologia Assistiva. Com base nesta observacéo, a
discussao pode ser ampliada para a necessidade de politicas e acdes de promoc¢éao
de condi¢cdes de mobilidade, acessibilidade e participacdo social da pessoa com
deficiéncia, a partir das quais poder-se-a ter maior participacdo das pessoas com
deficiéncia na sociedade, estando presente nos mais diversos setores e lugares,
participando ativamente e convivendo em condi¢cdes mais igualitarias. A partir destas
condicdes, os dispositivos assistivos se tornardao mais familiares a todos, contribuindo
assim para a reducao de percepcdes negativas e estigma associado ao uso destes
produtos.

O estigma relacionado ao uso de produtos de Tecnologia Assistiva € um dos
aspectos que contribuem para 0 ndo-uso e abandono destes produtos. O estudo de
Sugawara et al. (2018) demonstrou, a partir de um levantamento em um centro de
reabilitacdo do estado de Sdo Paulo, que ha fatores de ordem pessoal associados ao
abandono de Tecnologia Assistiva. Portanto, é importante que sejam estabelecidas
estratégias baseadas na interdisciplinaridade para o enfrentamento do problema do
estigma associado a produtos assistivos. O Design, enquanto area de conhecimento
e de projeto de forte caracteristica interdisciplinar em suas abordagens, tem um papel
fundamental nesta questdo. Mais especificamente no contexto da interacdo entre
usuario e produto, o design deve buscar o aprimoramento do uso do produto e de sua
estética, buscando promover condicBes mais favoraveis a aceitacdo e identificacdo

do usuario com o produto.
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5. CONSIDERACOES FINAIS

Retomar os caminhos da construgdo de uma abordagem interdisciplinar
aplicada a pesquisa e desenvolvimento em cadeira de rodas contribuiu para reforcar
a necessidade de uma abordagem de dialogo e convergéncias para uma area -
Tecnologia Assistiva - que cresceu sobre e a partir de multiplos e complementares
conhecimentos e competéncias.

Os desafios enfrentados - diariamente - por quem utiliza uma cadeira de rodas
para se locomover sdo de tamanha dificuldade que acabam por limitar, em ultima
analise, sua mobilidade e independéncia. Igualmente, os desafios sdo de natureza
complexa e multifatorial: ndo é apenas uma rampa ou escada que podem representar
barreiras a independéncia e participacao social do usuario de cadeira de rodas, mas
também aspectos pessoais, sociais e culturais.

O teste de produtos e prototipos de Tecnologia Assistiva traz contribuicoes
tanto a pratica em Reabilitacdo - ao promover evidéncias para indicacdo, selecéo e
adequacao dos dispositivos aos usuarios - qguanto ao Design, ao indicar aspectos do
desenho do produto que melhor atendem as necessidades, expectativas e
preferéncias do usuario, assim como apontar demandas para a inovacao. Quando o
teste € realizado com prototipos, a avaliagdo comparativa destes aos similares
comercialmente disponiveis indica os potenciais beneficios e/ou os aprimoramentos
necessarios no design.

A Ergonomia enquanto area do conhecimento disp6e de métodos e métricas
de avaliacdo da interface usuario-produto de contribuicdo valiosa ao Design.
Especificamente, os métodos de analise biomecanica - internacionalmente
consagrados na pesquisa em areas de reabilitacao e ciéncias do movimento humano
- possibilitam a avaliacdo de varidveis que caracterizam as interagdes fisicas durante
0 processo de uso de produtos. Na area da Tecnologia Assistiva, esses métodos
favorecem a avaliagcdo de produtos principalmente utilizados por pessoas com
deficiéncia fisica, tais como: cadeiras de rodas, andadores, muletas, Orteses e
préteses, dentre outros.

Neste texto, buscou-se sintetizar a construcdo de uma abordagem
interdisciplinar as questdes multifatoriais relacionadas a pesquisa e desenvolvimento

sobre mobilidade em cadeira de rodas. De forma mais imediata, os aspectos
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biomecanicos foram avaliados, assim como solu¢gées em Design propostas e suas
implicacdes aos usuarios verificadas. Adicionalmente, o design de cadeira de rodas
foi explorado em suas func¢des estéticas e simbdlicas, as quais permitem compreender
aspectos das relagBes emocionais e de significacdo do usuario com o produto. Tais
aspectos estdo relacionados a aceitacdo e engajamento ao uso do dispositivo e, em

tltima analise, sdo igualmente importantes para o uso bem-sucedido do produto.
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The influence of axle position and the use of accessories on the activity of upper limb muscles
during manual wheelchair propulsion

Gretlherme da Silva Hertolaceimi®, Idinet Francisco Pires de Carvalho Filho, Gustave Chnstofolett®
Luis Carlos Paschoarelli®* and Fausto Orsi Medola 525

“Fraduate Programme in Design, UNESP — University Estadunl Paulista, Brazil, *Departwent of Design, UNESP— University
Estadual Preslista, Branil; “Department of Plysiotherapy, UFME —Fedeval Univerzity of Maro Grosso do Sul, Sranl

Intraduetion. Wheelchair configuration ig an important factor infloencing the ergoromics of the user—device interface and,
from a hiomechanieal point of view, small changes i chair sefup may have a positive influence on the demand on the
upper limbg during manuval propulsion. This study atmed o investigate the influence of the positton of the rear wheels
axle and the use of accessories on the activity of uppes limb muscles during manual wheelchair propulsion. Methods,
Elsetromyography signals of the biceps, wiceps, anterior defloids and peclozalis major were collected for 11 able=bodied
suhjerts i a wheelehair propulsion protecol with four different wheelchan configusations (differing in axle position and the
wse of sccessones) on a strajghtforward sprint and a slalom couwrse, Besulis. With accessories, moving the axle forwand led o
a decrease in the activity of all museles in bath the straightforwarnd sprint (significant differences in wiceps, anterior delioids
and biceps) and the slalom course (significant difference in antenior delioids and biceps). However, when propelling the chair
without accessories, no difference was found related o axle pogitton, Conelusion. Changes in wheelehair configuration can
influence the ergonoimics of manual wheelchatr propulsion. Reducing the biomechanical loads may benefit users” imohality,

independence and social pasticipation,

Keywords: wheelchams: biomeachanics; manual propulsion; ergonomics: assistive technologies

1. Introduction

Wheelchair use has boen addressed in 2 vanety of top=
ie2 covering the biomechanics of manual propulgion [1=3],
sporls [4.5], problems related 1o mobality [6,7] and works=
place [8=10]. Although used widely, the wheelchar has
problems that prevent the user from moving with indepene=
dence, safety and satisfaction. From an ergonomic point
of view, such problems can be divided info two main (op=
ics: seahing and mokility, While the [ormer focuses on the
interaction between the user's hody and the support inter=
faces (seat, hackrest, armrest and foot support), mohiliny
addeesses the user's actions and the resulting movement of
fhe wheelchair.

Manual wheelchairs users have many lunclional diff=
culties n daily hfe. Mobility tasks as simple as climbing
a gidewalk can be very hard, In thiz way, moving with
the wheelchair for long distances is strongly limited and,
ag a resuli, the daily distance traveled and average spead
are significantly lower in wheslcharr mobility when com=
pared with walking [11—14]. Manual wheelchair propul-
sion exposes the upper limbs o a harmiul combination
of load and repetition that may cause many injusies [15].
Because users occupy (he chair for about 11 biday [14],
the wheelchair becomes an extension of the users” body

and infleences their social pamticipation [16] and dadly
work,

In order to study wheslchair mobility in a closer way
to how people move i their daily rontine, it 12 impo=
tant to investigate the biomechanics of manual progulsion
a0k only in siraighiforwand mofion, bui also in irajeciones
comprising changes in movement direction and accelera=
tion. A previous study demonstrated that the influence of
the mechanical aspectz on the movement of the wheelchair
13 dependent on the trajectory and accelesation [17].

The wheelchair configuration is very important to
determine the upper limb actions duning manual propul=
sion. The position and camber of the rear wheels, tire and
wheel types, seat and hackrest angles, frame design and the
use of accessones (armrest, clothing shields) are features
of the equipment design that can allzet propulsion lorces,
upper limb range of motion, rolling resistance and sys=
tem stabulity [18]. Therefore, a proper sclection regarding
the wheelchair configuration can improve overall molbility
performance.

Many wheelchairs have adjusiable seitings allowing ihe
users to sef up the wheslchair in accordance with their
noeds and preferences. Moving the rear wheels forward
or rearward and using or removing accessories such as

*Cormesponchng 2uthes. Email: fausio medolaiafaac unesp br

£ 3017 Central Instvtote for Labour Prolection— Natioral Keesacch [nstitule (CIOPPIE)
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armirests and seat cover plates are two changes 1n config=
uration commaonly made by users 1o make the equipment
muore suitable to them. However, the influence of the com=
bination between axle position and use of accessories on
the biomechanics of manual propulaion is still unclear. This

information may contribuie to improve the ergonomecs of

matial wheelchairs by providing ehiective data on how
changes in the equipmeni configuration influence the users’
acthions dunng manual wheelchair propulsion.

Thie study aimed at mvestigating the influence of the
position of the rear wheels' axle and the use of acces
sories on the activity of upper limb muscles during manual
wheelchair propulsion

s
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Figure 1. Relative position of the rear wheels 1o the user,

Fignre 2. Wheslchairs with and without accessories,

2. Materials and methods
2.1, Participanis

A convenience sample of 11 parficipants without physs
cal dizabilities (mean age 23,32+ 3.46 years, mean height
177 £0.06 m, mean weight 76.0% 4 11,43 kg), all male,
were recruifed at the Sio Paulo State University (UNESPE,
Baumu, Brazil) and voluntanly participated in this smdy,
Participants met the following inclusion critena: (a) mini=
mum age of 18 years; (b) had no upper limd pain, injuries
or disorders that could mluence the manual wheelchar
propulsion. Pror to data collection, partcipants read and
gigned an mformed consent form that had been submitted
and approved by the Ethics Comminee of the Fagulty of
Architecture, Arts and Communication==LUNESP (Process.
M. B0 5007

2.2, Egquipment and procedure

A manual wheelchair with a rigid frame was used in four
different configurations, varying according o a relative
Tore=all rear axle position Lo the [rame of 50 mm (Figure 1}
and the use or nod of accessones (clothing shields and
anmrests), as shown i Figure 2. The total weight of the
accesgories was 1,95 kg

These configurations were tested in two diffesent tra=
jeclories: siraighiforward sprint (acceleration i a 15=m
straight motion) and slalom course {mine cones ahpned and
separated by decreasing distances) (Figure 1), as proposed
in a previows stedy [17]. For both trajectories, subjects
were instructed to propel the chair as fast az possible.
The sequence of trajectones and wheelchar configurations
were randomized for cach subject.

Dhuring the tests, surface electromyography ( EMO) data
of the biceps brachial, inceps brachial, antenior delioids
and pectoralis major were collected using four-channel
wireless sensors (T=Sens; TEA Ergo, France) and a Data=
logger module (CAPTIV, TEA Ergo, France) to register
the EMG signals. Trnode surface self=adhesive clectrodes
T3402M (Thought Technology, Canada) were placed inthe
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Figuse 3. Slalom course.

Table 1. Mean EMCG activity (mV) of the four muscles dunmg manual wheelchair propulsion with the accessones,

Muscle Trajsciony Fezarwand axie Forward axle P

Pectoralis majos Staightforward L0 a4 (24.55) £9.35 (631.82) 024
slalom 35.71 (2.10) 14,19 (25.08) [N

Triceps brachial Sraightlorward 18046 (Lel.6l) 145,79 (99.81) f.0x*
slalom 1.4 (58.42) E7.45 (45.18) 0.57

Anterior deliowds Brraightforeard 281.16 (159.22) IZ4 37 (L1098) 04
slalom 124.23 {$6.12) DE29(52.11) ooL*

Bicepa brachial Etraightforeard 152,84 (36.42) 926,57 (48.31) 0oz
slalom 53,13 (37.38) 31632 (1857 oo

o 0,05

Note; EMU = electramyography

respeciive positions for each muscle in accordance with
the SENIAM project (www seéniam.ofg) on the dominant
side of the subject’s body to record the elecimcal achvity
of the muscles. Surface EMG data were sampled at 2048
Hz (whicl 12 more than double the frequency m human
muscles) [19] o satisfy the Nyquist Theorem, and the root
migan squaie (pms) value was caloulaled and transmaitied
by the T=5ens module. The frequency of the rms caleula
tion wasl 28 Hz, and data analysis was performed with the
CAPTIV La7000 software (TEA Ergo, France), All EMG
caleulation was in mV and analyzed during the compleie
irajectory, and the frst and last pushes were discarded,
in order o analvze the muscle activity o plan motion.
The mean time window of the analysiz was 6.52 5 for the
stranghtforward motion and 31.23 2 for the slalom.

2.3, Daia analysis

Mean values werz obtained for the EMG measurements of
the four muscles of all subjecis. To venfy statistical dif-
ferences in the mean EMG of the four muscles between
all of the wheelchair configurations for both rajectones,
Friedman's test was applied. To wverify statistical differ-
ence in paired data, the Wilcoxon test was applied, because
the data did not show 2 normal disinbution as revealed
by the Shapite=3ilk test, Significance was determined
by p o= 005 All statistical analyses were performed using
SPSS version 22.0.

3. Hesults

The fesults show that wheelchair design and configuia=-
tion can influence the lead on the upper limbs, For the

wheslchair with accessones, axle position was shown fo be
a [actor that influences the biomechanical load onthe upper
limbs. In the stranght forerard sprint, the axle o the forsard
position showed [ower activity than the rearward position
in all of the muscles, with significant difference found in
the triceps (p — 002} anferior delicids (p = 0.04) and
biceps (p = 0.02), This was also found in the slalom
course, because propelling the chair with the axle in the
forward position required less activity of all muscles
eompanzon with the rearward pogition, although signifi-
cant difference was found only with the anterior deliowds
(p = 001} and baceps (p = 0.01) { Table 1).

Comversely, the influence of axlz position appeared fo
be mimimized when propelling the chair with the acces-
sories removed, because there was no significant difference
regarding the axle position for both the straightforward
sprint and the slalom course (Table 2).

The differences i the muscle actrvity related to the
wheelchair configurations (axle pogition and aceessories)
and trajectories can be interpreted by the ratio of the mean
EMG for the forward and rearward axle positions, as pres=
sented in Figure £, Yalues lower than one indicate lower
demand on the upper imbs dunng manual propulsion with
the axle in a forward position, while values higher than one
indicate the oppozite, Le., lower demand with the axle in a
rearward position.

4.  IDMscussion

Wheelchair design and configuration are important faciors
that can infleence the demand on the upper limbs during
manual propulsion. This study addressed the influence of a
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Table 2. Mean EMG activity (mV) of the four muscles during manual wheelchais pmpul:im'l. withoul the acceseories,

Mascle Tragectory Rearward axle Foreard axls P
Peetoralis major Straightforward £8.66 (71.58) 90,14 (£2.33) 0.99
slaboam 31.56 (24.85) 2938 (19.63) N.49
Triceps brachial Straightforward 153,35 (150.79) 19224 (1342.47) .37
slalom 91,12 (56.36) @507 (54.59) .33
Antenor deltoids Straightforward 253.41 (131.53) 25501 (150.73) 0.9z
slalom 105.45 (54300 9991 (49.035) 0.43
Biceps brachial Straightiorward 109.78 (70,51 123,74 (2591 030
slalom 40,93 (25.82) 19,64 (19.73) 0.99
Maote: EMG = electromyography.
1z RAH
1 1941
1.4 ) = [T L L) Hu':f e "M staighifonward
= : wilh SCCess0Mes
0B e =
- - Lw [ straightionwarnd .
E ne I:l. withow? accasEorias
= . slalon with SoCess0nes
0.4 i slalom withost Accessaies
0.2 * p=Ris
i = - r
pectaralis triceps defioids blcaps
Manglne

Figure 4. Ratio (F/R) of the mean EMG for the forward (F) and rearwand (R) axle positions,

Mote: EMG = electvonyagraphy.

slight but relevant aspect — axle position — on the activicy
of upper imb muscles that many tumes 18 neglected denng
equipinent design and setup. Because somme users remove
the accessories (armres! and clothing shaelds) in order (o
make the chair lghter, we investigated the influence of axle
pogition in both siveations: with and without accessories.
Chur results show that moving the axle positien for-
ward led 1o a decrease in the activity of upper limbs during
manual wheelchair propulsion in both the stranghtforaard
sprnt and the slalom course. However, this difference
was significant only in the standard configuration (with
accesgories). Previous studies have highlighied the bene-
fits of positioning the axle forward on the demand oo the
upper limbs [20,21). From a mechanical perspective, mov=
ing the axle forward reduces the length of the equipment,
which impacts the rotational inertia of the ayastem. Addi=
tionally, moving the rear wheels forward may contribute
10 wheelchair mobility by reducing the rolling resislance,
because the user's body moves toward the rear wheels [22].
Although moving the rear wheels” axle forward seoms
oy provide an ergonomic benefit for the wser in ferms
of facilitating manual propulzion, it musi be faken into
accoun! that 1l has consequences on the equipment slabil=
ity In practice. the more forward the axle, the casier it 15
for the wheelchair to tip over. The muidelines for pressrva
ing upper limb function after spinal cord injury recommend
that the rear wheels” axle must be positicned as forward az
possible withoul compromising equipment stability [19].

Thiz can only be set up with the participation of the
LEGT,

Albough the curtent study produced importanl God=
ings, it has limitations that must be noted. First, procedures
were not performed with real users, and only men partie=
ipated in the smdy. Additionally, tasks were conducted at
the highest speed the subjeciz could propel. Ancther lim=
itation 15 that we did not assess the subjects’ perceplions
of the efforts dunng manual wheelchar propulsion, which
could demonstrate whether these changes m wheelchair
design and configuration are perceived or not by the
subjects.

5. Conclusion

The wheelchair can enhance users’ mobility, independence
and zocial participation, and small changes in itz design
and confguration can lead lo imporiant contributions 1o
daly mombity. The current Gndings sugeest that moving
the rear wheels' axle forward may have a positive cffect
of manual propulsion by decreasing the activity of upper
limb muscles, alihough this was only found with the chair
in itz standard configuration (with accessories). This shows
an existing correlation between wheslchair mechanics and
propulsien biomechancs. From an ergonomic perspective,
adjusting the equipment mechanics (resulting from differ=
ent configurations) must be seen as a sirategy (o reduce the
loads on the upper limbs, thus benefiting users” mobility.
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This information may hencfit designers, manufacturers and
health professionals in the design, prescription and proe
visioning of manual wheelchairs, Providing a wheelchair
with adjustable configurations — the current study focusad
an the axle position — may help the user to set up the
chair in accordance with hig'her characterishics, needs and
expeciations,
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Abstract.

BACKGROUND: Mohality devices such as walkers and whealchairs ae often associated with certain stigma. Such devices must
be designed with the goal of mducing stigma to decease the abapdonment-rate. Yet ther is litthe emparical evidence on how
maohility devices are perceived

OBJECTIVE: This study set out to explore how (N = ddpnon-disabled individuals perce ved four common mobility devices
inchuding a traditional walker, rodlator, manual wheelchair and a8 powerad whealchair

METHODS: A guestionnzire based on semantic differentizl scales was designed.

RESULTS: The results show that the more elaborate devices are perceived as more aesthetical and lighier, yel mome unsafe
and impractical. Moreover, espondents familiar with mobility devices through family and friends gave more biased negative
responses in erms of device characteristics compared to non-experienced respondents. Next, non-experienced respondents per-
ceived the manual whee lchair to be more stigmatizing compared to experienced espondants

CONCLUSIONS: The findings evidance that different designs of products in the same category can evoke different perce plions
of non-users egarding practical, sesthetical and symbolic aspects. Insight into how different design characteristics are associ-
ated with pereptions of non-users may contribute o the comprebe nsion of assistive echnology stigma and may suppont design
decisions that minimize negative judgmentsand emphasize positive perceptions.

Keywords: Assistive iechnology, walkers, wheelchairs, stigma, perceplions, aesthetics, operations, weight, cultural factors

1. Introduction products. The Intermational Classification of Function-
ing, Disability and Health (ICF) defines dizability as a

According to the World Health Organization [1] broad term used to categorize activity limitations and
it is estimated that approximately 100 million adults ~ Participation resirictions. Disability is the interaction

worldwide have significant reduced function and thar ~ Petween individuals with specific necds and personal
more than 1 billion people need one or mone assistve mdcmu'cnmcnlsl M’_ in this sense the concept of
disability becomes guite diverss [2].

One of the means to improve the functionality of

*Cormesponding author: Frode Eika Sandnes, Osle Metropolitan
University, F:0. Box 4, St Olavs plass, 01 30 0xlo, Norway. Tel: +47
6723 5003; E-mail: frodes@oslomet no

these individuals is the use of Assistive Technology
(AT} Several AT devices are used to axd mobility, such
a5 wheelchairs, walking sticks, crutches and walkers.

IS5N 1055418 1 1% $35.00 (5) 2019 - 105 Press and the authors. All rights rserved
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Two widely used devices for people expenencing mo-
bility limitations are wheslchairs and walkers.

It 15 estimated that about 1% of the total population,
that iz, around &5 million people worldwide, needs
wheelchairs [1]. Broadly speaking, wheelchairs can
be divided into the categonies of manual wheslchairs
and powered wheelchairs, Electnic or motonzed wheel-
chairs are usually prescribed in cases whene the func-
tional and motor losses are large. In tum, manual
wheelchairs are used by persons that can manually pro-
pel the chair by pushing the whesls in a repetitive way.
The two most common designs of manual wheslchairs
are foldable frame and rigid frame chairs. Whee lchair
frame design [3.4], handnm design [5]. propulsion
systern [6,7], seat-backrest configuration and acces-
sones [6] have been shown to influence the mobality
performance and the ergonomics of wser-wheelchair
inierface.

The walker is an AT device that aims to facilitate
gait, maintain balance and decrease body weight in the
lower limba with the help of the arms [8]. By having a
larger support base with the surface, the walkers pro-
wvide a safer support for the locomotion, increasing the
balance [9].

In Brazil, the most common model 15 the conven-
tional folding Walker, in which the individual must
raise the walker and take sieps forward to move [10].
This device is made available by the public health sys-
e,

[hespite the aids avalable, several studies show that
the shandonment of AT is common due to the stigma
caused to such devices [11]. For example, Phallips
and Zhao [12] found that nearly 30% of all devices
ar: compleiely sbandoned. The main reasons include
lack of user involvement during acquisition, procure-
ment issues, low performance and changes i users’
needs and priorities. Riemer-Reiss and Wacker [13]
found that device shandonment is related to relatve de-
wvice advantage and user imvolvemnent. To help counter-
act device abandonment, Denvers, Weiss-Lambrou and
Ska [14] developed an instrument for measuring user
satisfaction with assistive technology devices,

Stigma can be viewed as a set of preconceptions
shout a particular characteristic related to an individ-
val’s social role in society. Objects can provoke stereo-
types associated with lifestyle [13].

People with disabilines often go through situations
of prejudice coused by stigma that generates a nega-
tive perception. According to Goffman [16], this per-
ception is usually accompanied by a social and cultural
context that manifests itself in vaned forms, incleding

trying to help a sigmatized individual. Factors such as
age, pender, device pesthetics, among others may con-
tribube to stigmatization [17].

The negative coltural concept assistive products
present canses users and family members to feel dis-
appointed, provoking objections about the appearance
and characteristics of the device [18]. The expectation
of the family can be an imporiant condition in the re-
ceptivity and use of the equipment, since in addition to
the affective link, they usually present a global vizion
that results from the functioning of the device [17].

Although mesearch into assistive technologies has
gained increased focus there 15 still need for better de-
sign gmidelines. There is particularty a lack of empir-
ical evidence to fully understand the possible stigma
associated with AT devices [17]. The study of sym-
bolic and assthetic elements can contribute to the un-
derstanding of non-users” perception of walkers and
wheelchairs.

Several meearchers have addressed percepbions of
assistive technologies. Examples inclede Cushman and
Scherer [19] who found discrepancies betwesn the per-
ceptions of therapists and consumers in erms of de-
vice utility and aesthetics. Stern, Mullennix and Wil-
son [20] studied the perception of synthetic = in
coniext of assistive echnologies. Their results showed
that non-disabled respondents preferred a natural voice
over synthetic speech, while disabled the synthetic
speech was perceived more positively by disabled indi-
wviduals. [t has also been found that the appearance and
to look “cool” 1s as important to disabled individuals as
it iz to non-disabled individuals [21]. Lanutti et al. [22]
found gender-related differences in users” perceptions
about their own wheelchairs. In a sudy using seman-
tic differentials Erler and Garstecks [23] addressed the
stigma attached heanng loss and heanng mids among
women. Their results suggest that younger women per-
ceive a stronger stigma than older women Moreover,
they found that hearing loss was associated with less
stigma compared to heanng aids. Delong [24] stud-
ied how adolescent girls perceive overweight peers.
The mesults showed that overweight girls wers per-
ceived mom negatively than non-overseght peers, un-
less they had a valid explanation such = a glandu-
lar disorder. Shinchara and Wobbrock [25] addressed
how assistive echnology use is affected by social set-
tings. Their results confirmed that 1) assistive technol-
ogy marked the users as being disabled, 2) functional
access trumped the feeling of self-consciousness,
3) people incomectly percenved assistive devices as
eliminating dizabilities and 4) that disabled were incor-
rectly viewed as helpless without their devices.
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The study of peroeptions has also been applied to
physical disability and wheelchair use [26-28]. Cahill
and Eggleston [26] studied wheslchair users encoun-
ters in public spaces when receiving assistance. The
msults show that wheelchair wsers” presence in pub-
lic spaces is associated with uncertainty and unset-
thedness.  Arbour-MNicitopoulos et al. [27] addressed
adolescents” perception of family members that o
wheelchair users compared to other health issues. The
msults show that negative perceptions were lower
towards wheelchair use compared to drug addition,
alcohol, gambling and mental illness. The stigma-
tized attitudes of wheelchars wers similar to those
of asthma. Taub et al. [29] studied coping strategies
of physically disabled female students. Perceptions
of wheelchair use has also been addressed In con-
text of the wheelchair procurement process [30]. To
the best of our knowledge there are few studies that
have specifically addressed the perception of the visual
propertics of mobility devices and that have contrasted
different mobility device categories,

The ohjective of this study was to evaluate non-
users’ perceptions of four common mobility aids, two
wialker models and two wheslchair models in onder
to identify the existence of melated stigma associated
with the devices. The goal is that the empinc evi-
dence can be used in decision making regarding the de-
sign of future assistive technologies. A four-part ques-
tionnaire was developed comprising the most common
walker models in Brazil and Norway, respectively, as
well as the twro most common wheelchair models wsed
in these countries. The standard walker is most com-
mon in Brazil as it is available for free via the public
health system. It allows idling becanse the user must
lift the device, toke the steps and put it forward, be-
ing challenging for individuals with redeced function
in the upper limbs. The rollator is common to observe
on the steets of Norway, The rollator is agike, allow-
ing & greater degree of freedom. It presents rear wheel
brakes to avoid possible fall. It can camy objects and
provides scating that facilitates resting,

Manual wheelchairs are wsually operated though the
work of the user's own upper limbs or driven by care-
givers. Manual wheelchairs are classified as low com-
plexity products and provide a reasonable range of mo-
tion for users with full wpper limb functioning, being
frequently used by users with manceuvring skill who
wish to be physically active.

Powered wheelchairs are used by users with severe
impairment of the upper limbs" function that are not
able to propel the chair manually with efficiency. Pow-

ered wheelchairs are suitable for both short and long
distances,

From a Design point of view, product functions are
not limited to functionality, but also connected to the
significance and what it communicates about the wser,
that 15, the symbolic function. In this context, assistive
devices amre of particular interest as they are often asso-
ciated with stigma. The main question that this study
proposes to answer is different designs of assistive
products of the same category (wheelchairs; walkers)
trigger different perceptions about the users of these

products?

2. Method
21 Experimental design

A mixed experiment was conducted which ex plored
two independent vaniables, namely mobility deviee and
experience. Eight semantic differential responses [31]
served as the eight dependent vanables, The within-
groups independent variable mobility device had four
levels, a walker withowt wheels (walker), awalker with
wheels (rollator), a manual wheelchair and a powered
wheelchair The between-groups independent vanable
expenience had two kevels, namely respondents with
fricnds or farmly using mobility devices and respon-
dents without exposure to mobility devices. Measure-
ments wene acquired using a paper questionnaine.

22 Respondents

A total of 40 respondents without disabilities wen
recruited in Oslo, Norway, for the study, of which 27
wen female (67.5%) and 13 wene male (32.5%). Of
these about half were students (32.5%). The age dis-
tnibution of the respondents was as follows: 28 wen
between 18 and 39 year of age (707 young aduliz),
T weme i the range of 40-59 (17.5% adults) while 5
were 60 years or mome (12.5%, senior),

Many of the respondents, namely 26 (63%), mparted
that they wene familiar with wheelchairs andfor walk-
ers. OF these 3 reponed their spouss using such a de-
vice, 3 reported parents, brothers or sisiers, % reported
having a grandparent using such a device, 3 reported
uncle or cousin, 2 repored a friend while 6 reponted
other. The participants were recruited in and around the
campus of Oslo Metropolitan University. Efforts wene
made to solicit a sample as representative of the gen-
eral population as possible.
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(b Roflator (D0 van der Made

GNL frew docsentarion leence 1.2)

() Mamal wheelchair

(d)Mutocized wheelchair

| Prcabay Free mve License)

Fig. L. Assistive dovices used in the ex periment (Emages released to the public domain or available under 2 creative commans licence ).

2 3. Materials

A paper-based questionnaire was designed with the
purpose of facilitating easy in-person data collection.
The questionnaire comprised four sheets where each
sheet addressed one of the four assistive devices,
namely the traditional walker without wheels, a rolla-
tor, a manual wheelchair and a powered wheelchair.
Each sheet had a similar structure. The top part of the
sheet showed a colour image of the assistive device fol-
lowed by the eight questions realised as 7-point seman-
tic differentials. Each semantic differential scale com-
prised two adjectives that were antony ms of each other
on each side of a 7-item scale. The respondents thus
had the option of providing neutral responses. The two
adjectives would represent a negative and a positive
perception along the dimension. The order of the neg-

ative and positive adjectives vanied for different ques-
tions.

The eight semantic differentials addressed practical,
acsthetical and symbolic dimensions of the products:
mobik versus stationary, ugly versus beautiful, practi-
cal versus impractical, light versus heavy, boring ver-
sus enjoyable, excluding versus including, safe ver-
sus unsafe and uncomfortable versus comfortable. Ex-
ploring practical, acsthetical and symbolic functions
of products by means of a semantic differental scale
has been reported in Product Design research [22]
The questions where randomized on cach sheet and the
presentation order of the sheets were also randomized
for the respondents to minimize leaming effects. The
questionnaires were written in English,

The images used were demonstration photos without
backgrounds or other disturbing clements. Note that
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ages am: copyrghted by the respectrve manufacturers.
However, similar devices ane depiced in Fig. 1.

24, Procedure

Respondents were menuied in person with two of
the authors present whils the questionnaires were com-
pleted. The participants werne thus able to answer ques-
tions regarding the guestionnaire. The ms L5
werne presented with a consent form mforming them of
their nights to withdraw at any ime and the anomymity
of the results. The mspondents were also asked to fill
in general demographic information. Next, the respon-
dents were asked to complete the questionnaire by ob-
szrving the four pictures and rate the image in rela-

tion to the eight dimensions along the scale of the two
antomyms. The data was collected dunng the antumn
of 2017 before the introduction of the General Data
Protection Regulation (GDPR).

25 Amalvsis

The gquestionnaire responses were manoally con-
veried into a spreadshest and administered using Mi-
crosoft Excel Statistical analyses wer conducted
using JASP version 0.9 1.0 [32]. The ordinal mea-
surements were transformed using the Aligned Rank
Transform (ART) procedure [33] allowing the data to
be analysed using a parametric mixed two-way re-
peated measures ANOVA. This non-parametnc proce-
dure also allows the investigation of interaction effects.
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Fig. 3. Dimensions with significant & ffects of experience.

Instances not satisfying the assumption of sphencity
wene comected using Huy nh-Feldt cormections as both
the Greenhouse-Geisler epsilon and Huy nh-Feldt ep-
silon were above (.73 for all these instances. Post-hoc
testing was performed using Bonferroni corections.
Cuestionnaire mesults are visualized using diverging
stacked bar charts as recommended by Fobbins and
Heiberger [34].

3. Results

Figure 2 shows a summary of the 40 responses to the
semantic differential questionnaire. The Orange and
blue are wsed to indicate levels of preferenoe towards
one of the sides where the intensity of the colour in-
dicates level of preference. Figure 3 shows summary
of responses with significant differences due to experi-
ence.

1. Uncomfort abls’comfortable

Figure 2a shows the msponses to the semantic

differential uncomforiable versus comfortable. The
walker and the manual wheelchair were strongly tend-
ing towards uncomfortable with walker being the
least comfortable, while the rollator and powered
wheelchair tended towards comfortable with the pow-
ered wheelchair being considered the most comfort-
able. There was a significant difference betaeen the
four models (F (3, 114) = 58748, p < 0001, o* =
0.607). Post hoc tests reveals that all the models wens
significantly different to each other with high signifi-
cance (p = (W3], except for the walker and manual
wheelchair {p = 0.112).

Them was no significant effect of expenence (F (1,
38) = 0D, o= 0.971), however, there was small
significant interaction effect between device type and
expercnce (F (2645, 100.507) = 4479, p = 0006,
i = 0.108).

31 Practicalimpractical

Figure Zb shows the responses to the semantic
differential practical versus impractical. The walker
stood out tending towards practical, while the other
thres tended towards impractical. The rollator was per-
ceived as the least practical, followed by the powered
wheelchair and manual wheelchair considered the bkeast
impractical of the three. Again, the walker was associ-
ated with most neutral responses. There was a sigmif-
icant difference berween the four models (F (3, 114)
=T7.972, p < 0001, 5* = 0.173), however post-
hoc tests reveals that only the walker and the powered
wheelchair (p = 0.007), the walker and the rollator
{p = 0001} and the rollator and the manual wheelchair
(p = 0.021) were significantly different. All the other
combinations revealed p-values above the significance
level of (.03, There was no effect of experience (F (1,
38) = 0169, p = 0.683) and no ineraction effects (F
(3, 114) = 2089, p = 0. 106

33 Uglybeautiful

Figure 2c shows how the respondents perceived the
devices along the dimension of ugly versus beautiful
The walker and the manual wheelchair tended towards
the ugly side with walker the ugliest, while the rolla-
tor and the powered wheelchair tended towards be -
ful with the powered wheelchair being the most beau-
tiful. There was notably also a relatively high level of
ncutral responses for all four models. There was a sig-
nificant differznce between the four models (F (2,508,
93.293) = 8335, p < 0.001, ¥ = 0,183} Post hoc
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tests reveals that thres pairs wene significantly different
to cach other, that is walker and powered wheelchair
{p = 0.002), walker and rollator (p < 0.001) and rolla-
tor and manual wheslchair (p = 000&).

There was no effect of expenence (F (1, 38} =
3.683, p = 0L063), but a small zignificant interaction
effect was observed (F (2,530, 96.157) = 2.804, p =
0.048, 5? = 0.070).

34, Mobile/stationary

The perception of mobility versus stationary 1= plot-
ted in Fig. 2d. Again, the walker stands out as iending
words being mobile, while the three other devices wen:
percerved as stationary. The rollator was the most im-
mobile, followed by the powered wheslchair and with
the manual wheelchair as the least stationary of the
three, The walker and the manual wheslchair were as-
socigied with mom neutral responses than the rolla-
tor and powered wheelchair. The difference between
the four models were highly signiﬁml (F (21453,
93.209) = 18.892, p = 0.001, 5° = 0.330) and post
hoc testing reveals that only the pairs rollator and pow-
ered wheelchar and walker (p = 1.0) and manual

wheelchair (p = 0.063) were not significantly differ-
ent. A significant effect of experience was observed (F
i1, 38) = 9730, p = 0.003, * = 0.204). A Mann-
Whitney U test (W = B85, p = 0.003) showed that the
experienced espondents found the rollator to be signif-
icantly more stationary (M = 6.2, 5D = (0LE) than the
non-experienced respondents (M = 5.1, §0 = 1.5).
Thas result is plotied in Fig. 3a. There was also a small
significant interaction between device type and expe-
rience (F (2.335, B0.478) = 3.330, p = 0.033, * =
0.080).

15 Roringlenjoyable

The dimension of boring versus enjoyable 15 plot-
ted in Fig. Ze. The msults show that the walker and
the manual wheelchair wen: considered boring with
the walker being the most bonng while the rollator
and the powered wheelchairs were considered enjoy-
able with the powered wheelchair being the most en-
Jovable. There were many neutral msponses with the
manual wheslchair having the most neutral responses
of the four models, The differences wene highly sigmf-
icant (F (2736, 103.968) = 18434, p < 0.001, 5 =
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0.373) and again post hoo testing reveals that only the
pairs rollator and powered wheelchair (p = 0.578) and
wilker and manual wheelchair (p = L614) were not
significantly different. There was no effect of expen-
ence (F (1.38) = 0.331, p = 0.569) and no intzraction
effect (F (3, 118) = 0.916, p = 0.436).

36, Safefunsafe

A similar patern was observed for what was per-
cewed as safe versus unsafe (see Figo 26). The walker
and the manual wheelchairs were consideresd newtral,
also with most newtral responses, while the rollator and
powered wheelchair were considered unsafe with the
powered wheelchair being percerved as the most un-
safe device. The differences were significant (F (3,
114) = 15.870, p = 0.001, 7° = 0.293). Post hoc test-
ing reveals that all the devices were significantly dif-
ferent apart from the rollator and powered whee lchair
(p = 0.063) and the walker and manual wheelchair
{p = L.0). There was an effect of expenence (F (1, 38)
= 4.400, p = 0.043, 77 = 0.104). Figure 3b shows that
both the powered wheelchair (W = 99.5, p = 0W014)
and rollator (W = 92.5, p = 0.010) are perceived dif-
ferently by the expenenoed and novice participants. In
both cases the expenenced rspondents viewed the de-
vioes as more unsafe, namely d wheelchair: ex-
perienced mspondents (M = 6.1, 500 = 1.3) and non-
expenienoed respondents (M = 5.0, $0 = 1.7) and rol-
lator: expenenced respondents (M = 5.6, 30 = 1.4)
and non-experenced respondents (M = 4.4, 50 =
1.3). Ther was also an inieraction effect (F (3, 114)
= 5.075, p = 0.002, 7 = 0.117).

3.7. Exclusivenessfinclusiveness

Mo significant differences (F (2388, 9B387) =
0.712, p = 0.528) wene observed across the four mod-
els with respect to exclusivencss versus inclusiveness
{see Fig. 2g). The msponses were balanced with es-
pecially a large portion of neotral responses for the
walker. However, there was a significant effect of expe-
rience (F (1,38) = 6.111, p = 0.018, p¥ =0.139). Fig-
ure 3¢ shows that the experienced respondents found
the manual wheelchair more inclusive (M =45, 50 =
1.6) than the non-experenced mspondents (M = 3.2,
S0 = 1.1} This difference 15 significant (W = 88.0,
p = 0.007). Thers was no intersction effect (F (2560,
97.280) = 1.470, p = 0L 232),

38, Light/heavy

The perception of light versus heavy (see Fig. 2h)
was highly significantly different across the four mod-

Table 1
Factor amatysis

RCI1 RC2 RC3 Uniqueness
Baring/enjoyable a3 ... D375
Exclusive/inclusive - e D846
Light/heavy - ... 0719 D474
Mobile/stationary ... MDBIE ... D511
Practicalimpractical ve.  DSTR L. D50
Safo/unsafe ... D508 ... D.aTh
Ughy'be autifisl Loas L. 0197
Uncomfortable/comfortable 00420 0401 ... D3E]

els (F (3, 114) = 33350, p < 0.001, 7 = 0.463). The
powered wheelchair was considered light, the manual
wheelcharr was neutral while the two walkers wens
considered heavy with the walker being the heaviest
The level of heaviness also cormesponded with a higher
degree of neotral responses. All the pairs were statisti-
cally significantly different apart from the walker and
the rollator (p = 1.0) There was also an effect of expe-
rience (F (1, 38) =7.643, p = 0.009. 7 =0.167). Fig-
ure 3d shows that the dimension of hght versus heavy
was perceived differently by the two groups for three
devices, namely walker (W = 96.50, p = 0.013), man-
ual wheelchair (W = 102, p = 0.021) and rollator
(W = 2730, p = 0.008) In all three cases the ox-
penenced mspondents viewed the devices as heavier
than the respondents without experience. Walker: ex-
perienced respondents (M = 5.3, 50 = 1.4) and non-
experienced mspondents (M = 4.2, 57¥= 1.3}, manual
wheelchair: ex penenced respondents (M = 4.6, 80 =
1.6) and non-experienced respondents (M = 3.4, 51 =
1.5) and rollator: experienced respondents (4 = 5.0,
A0 =1.2) and non-ex perienced respondents (M = 4.1,
S0 = 1.3). There was no interaction between device
and expenence (F (3, 114) = 0874, p = 04570

1.9 Factor analysis

A factor analysis was also conducted on the re-
sponses to the questionnaire as it s sometimes used in
analysis of semantic differental data [35,36]. The re-
sults lisied in Table 1 shows that there wer three sig-
nificant factors (X2 (7) = 15.204, p = 0.032). The first
factor comprises the dimension of ugly versus beati-
ful with a strong loading (1.049), boring versus enjoy-
able (0.639) and uncomfortable/comfortable (042000,
We termed this factor aesthefics as beauty and en-
joyable are related to assthetics. The second factor is
composed of the dimensions mobile versus stationary
{0.818), practical versus impractical {(.579), safe ver-
sus unsafe (0.508) as well as uncomfortable versus un-
comfortable (0.401) which s shared with the first fac-
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tor: We thus termed this factor operational. The dimen-
ston of light versus heavy is the only semantic differen-
tial assigned to the third factor that we termed weight.
The dimension of exclusion versus inclusion was not
included in the model which commespond well with the
newtral responses observed. The results suggest that the
walkers and wheelchairs are perceived according to the
factors assthetics, operationality and weight.

Figure 4 shows the mean msponses for each device
type plotted for the factor pairs acsthetics versus opera-
tional and operational versus weight. An all neutral re-
sponse s also plotted for eeference. Interms of aesthet-
ics the walker snd manual wheelchar is below newtral
while rollator and powersd wheelchair are sbove neu-
tral. The plots show that all devices are above nowtral
in the following sequence: walker, manual wheelchair,
powered wheelchar and rollator with the highest op-
erational value, In terms of weight the walker is re-
garded the heaviest, followed by the rollator and man-
ual wheelchair. The powered wheelchair is the only
one below neutral standing out from the other three
perceived as the lightest

4. Discussion

The dimensions associated with sesthetics, namely,
ugly versus beautiful, boring versus enpoyable and un-
comfortable versus comfortable all showed a similar
paticrn, namely that the walker was peroerved most
negatively followed by the manual wheslchair while
the powened wheelchair was perceved most positively
followed by the rollator. Ome may expect the walker to
be percetved as the keast aesthetic and the mone elab-
orate powered wheelchair as the most assthetic, How-
ever, it is somewhat surprising that the rollator is per-
cewved as more sesthetical than the manual wheslchair,
A reasonable explanation for this finding is that manual
wheelchairs and walkers are visually less complex and
have simpler design than powered chairs and rollators,

In terms of operational issues, the resolts am di-
vided, namely that the walker is perceived as the most
practical while the powersd wheelchair 15 percerved
a5 the least practical. This could perhaps be explained
by the dimension of mobile versus stabonary whene
the walker is considersd the most mobile device and
the other devices immobile. Hence the small and light
small frame of the walker may give the impression
that the walker is casier to move around and takes kess
space compared to the other devices. However, walk-
ing with the assistance of a walker demands attention

from the user as it requires synchronized actions from
the wpper (lift, move forward and place the walker on
the floor) and lower limbs (steps). According to the
study of Bateni and Mak: [37], walkers can demand
excessive strength and affect the balance maintenance
in certan situations. Furthermore, as the curment study
was carmied out in Norway, where rollators are popuo-
lar assistve wallang device [38], it can be infermed that
it is associated with situations of functional limitations
and dependence. In tumn, conventional walkers are not
commonly ssen in the community s rollators are in
Morway. This may explain the more positive percep-
tions about walkers in comparison to rollators. Ther
were no differnoes in ierms of sesthetics in relation to
L perienee.

It is also interesting to observe that the walker
was considersd the safest device while the powered
wheslchair is considersd the most unsafe device. Per-
haps respondents feel that few things can go wrong
with the stationary walker which does not move on its
own, while things can get out of control with the pow-
ered wheelchair as it moves by itself. Open ended fol-
low up questions could shed more light on these re-
SPOMSES.

Experienced respondents also gave mome strongly
biased responses compared to the non-expenenced re-
spondents in terms of safety as they considered both
the powered wheelchar and rollator more unsafe.
Mext, experienced respondents responded mor nega-
tively than the non-expenenced mspondents in terms
of the mohbility of the rollator. Again, these differences
could possibly be cxplamed by these respondents’
knowledge of these device properties. The literature
documents benefits for the mobility of elderly people
when using rollators. The study of Hoenig et al. [39]
compared rollator, manual and powered wheelchairs in
1 community mobility task, and found that rollator al-
lowred faskest mobility, while manual wheelchairs wene
most associated with fabigoe.

In wrm= of weight the powered wheelchair was
considered the lightest and the walker the heaviest
Clearly, thiz does not refer to device mass as the pow-
ered wheelchair clearly has the largest mass and the
walker the smallest mass. Thus, the weight refers to
the weight of handling from the perspective of the
user, that is, the walker 1= associated with heavy work
a5 it must be lified and camied, while the powered
wheelchair can be easily moved using gentle finger
IO TR TS,

The weight factor was also sssociated with most
differences across experienced and non-expenienced
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mspondents. The experienced respondents raed the
three non-powered devices negatively, while the non-
experienced respondents rated these more neotrally.
This mesult indicates that the experienced users ane
more aware of the actual effort involved operating
the three non-powered devices compared to the non-
expenienced rspondents who are more ignorant of the
actual work involved.

Although no differences were found across the de-
vices in terms of exclusiveness versus inclusiveness,
this dimension revealed a difference in terms of expen-
ence for the manual wheelchair. The non-experienced
mrespondents ranked the manual wheelchair negatively
in tzrms of inclusiveness suggesting a cultural stigma
associated with the manual wheslchair, while the ex-
perienced espondents rated the manual wheelchair as
inclusive, perhaps knowing that the manual wheelchair
adds greatly to the quality of life for the user and in-
clusion in society compared to not being able to move
around.

Generally, the walker ends wp at the lower end of
most scales while the rollator 15 generally percenved
mone favourably, One possible explanation for this
trend is that respondents probably are more familiar
seeing the rollator o= the rollator is the most common
walker device in Norway and most respondents proba-
bly have never seen a traditional walker. [t would have
been interesting to observe if the perception of these
two devices would be different in a different enwiron-
ment such as Brazl whene the waditional walker is
more common than the rollator.

It iz possible that the mspondent sample was some-
what biased as it was soliciizd in and around the Uni-
versity Campus located in the city centre where people
may be more open to diversity than in smaller momr m-
ral places. An extended study with participants from a
wider geographical area with different socio-economic
and educational backgrounds may give somewhat dif-
ferent results.

Although thers are limitations that must be ob-
served, this study provides some insight on the percep-
tion of non-users about practical, acsthetical and sym-
bolic aspects of two widely used assistive mobility de-
vices, thus contributing to the investigation of factors
associated with stigma in assstive technology usage.
From the perspective of Prodoct Design, the informa-
tron gamed from the visual judgement of people with-
out dizabilities about two different designs of products
of the same category — namely wheelchairs and walk-
ers — may support the identification of features in the
design of these products that are associaed with neg-

ative and positive judgements. Ultimately, this knowl-

edge may support innovative design proposals aiming
to minimize the stigma related to assistive devices.

5. Conclusions

A guestionnaire based on semantic differentials was
developed to measure non-disabled individuals’ per-
ptions of four of the most common mobality devices.
The mesults show that the responses can be explaned
by three factors namely nesthetical, operational and
weight The more elaborate devices ame perceived as
more aesthetical. Moreover, experienced mspondents
seem to have a mome realistic, yet negative view of the
actual properties of the devices, weight in particular
The results also show that espondents without expen-
encewith people using such mobility devices associabe
manual wheelchairs with certain stigma, while this was
not found for respondents familiar with mobility de-
wices. Future work should solicit esponses from other
cultural context such as Brazil.
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Abstract

A= ome of the mwost representatrve assistive technology devaices, the wheelchar has memy peculiar aspects in its daily usage.
Therefore, the wheelchar camnot be thought of only a5 a mobahity device, and ergonomac iveshgation should melude also
aestheties and symbolic aspects. Thes study was aimed at imvestigating the mfluence of gender on the users’ perceptions about the
sigmficance of their owm wheelchaw. The samwmle compnised ten mammal wheelchar users, being five men and five women
Subjects were asked to rate m a seven-pomnt scale their percephons zbout each pair of opposite adjectves, teking into account
thewr expenence with their own wheelchanrs. The mean and standard deviation values were obtained for each paw of adjectves
and then compared between the two groups of subjects by wsmg parametnc and pon-parametne tests, according to the nommahty
of the data. The results showe that, 1n general men’s perceptions about their whealchas wers miore positrve than women's m both
practical and symbohe funchions. Sigmificant difference between gender was found wath the pans of adjectives
includnglexcluding (p=0.003) and efficient/inefficient (p=0.038). Such differences may reveal underlving problens that female
users experience m daly wheelchar usage and ultimatelv, reflect the social consequences of thiz. Enowledze about the
ﬂgmﬁ{:ance of azsistrve devices 1= mmportant to provide a view not onky on practeal, but also aesthetic and symbohic aspects of
the product, thus benefiting desizmers in developing products that best meet the users’ needs and expectations.
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1. Introduction

The wheelchair is an assistive technology device aimed to promote and/or improve the mobility of subjects with
problems that linut or prevent them from moving mdependently. From an ergononuc point of view, the wheelchair
has problems that, ultimately. impact the user’s functionality, comfort. independence and satisfaction. Such issues
may lead to serious consequences to the users in terms of his / her social inclusion. Indeed, a study demonstrated
that the wheelchair itself was considered by the users as the mam factor affecting their commumity participation [1].

Although improving locomotion is the most representative fimetion of a wheelchair, it should not be seen only as
a mobility device, since the users oceupy the wheelchair about eleven hours per day [2]. Interestingly, in only one
hour the user 1s in motion [2]. Taking into account the prolonged daily user-device interaction the wheelchair
should be seen also as a product socially representing the user. In this context, it 1s therefore important to study the
significance of the wheelchair for both users and non-users.

The aspects of sigmficance have been investigated in a vanety of products, aptly called the semantic object, a
term that was first used by Krippendorf and Butter. in 1934, and defined as “the study of the symbolic qualities of
man-made chjects in the context of their use and the application of this knowledge to indusinial design”™ [3].

Enppendorf points out that the concept has only made sense becanse of the vast application in researches that
discussed the industrial product beyond the aesthetic 1ssues, addressing what the product may represent to the users,
az well as what it communicates and means [4].

The Semantic Differential (5D scale is a tool widely used to address the significance of objects that was created
m 1957 by Charles Osgood. From a factonal analysis of a large data set, the author found three recurrent attitudes
that people use to evaluate words and sentences: evaluation or judgement (for example, “good”™ or “bad™), intensity
(for example “strong” or “weak ™) and activity (for example, “passive”™ or “active™) [3]. However, besides measuring
the comnotation of words and concepts, the 5D technique has been used in many fields of research as a means of
evaluating a varety of aspects of the human-technology interface. According to Santa Rosa and Moraes, the 5D is a
tool for “elucidating the perceptual and athitudinal aspects™ [6].

The SD has already been uwsed i studies addressing subjects with disability. The perception by able-bodied
subjects of aspects of wheelchair users was investigated in terms of communicability, competence, atfractiveness
and populanty [7]. By using pictures, the authors found it to be a valid and reliable instrument for the analysis of
social perception of disability and athimdes related to disabled people. Additionally. the perceptions of health-care
professionals about the persens with a visible physical disability were assessed [8]. The study was carried out with
videos of job interviews with wheelchair users, and the main finding was that the wheelchair itself influences
judgements about social adjustment, general competence and the ability of the user. Another study investigated the
perceptions of able-bodied subjects about children with disabilities at preschool and primary school age [9]. The
authors found that the able-bodied children have positive and mclusive attitudes toward children who use a
wheelchair.

In a comparative study between young and elderly, was used the 5D to assess the perception of comfort in
wheelchairs, and found that the backrest angle 1z directly related to the perceived comfort in a wheelchair [10].
Similarly, the SI) was also used to investigate the relation between the wheelchair mobility, body posture and the
perceplm-n of comfort [11].

It can be noted that the use of 5D in wheelchair stodies, in most cases. 1s related to the perception of able-bodied
(non-users) or as a complementary analysis of practical aspects of wheelchair nsage. Furthermore, the studies did
not show a concem for how the users feel about their wheelchairs and perceive themselves when using the chair.

This study was aimed at evaluating the influence of gender on the significance of the wheelchair to the users.
This information may contribute to the knowledge about the complex interaction between user and the wheelchair m
the practical, aesthefic and symbolic aspects.

1, Methods

A sample of 10 manual wheelchair users (five men; five women, mean age of 39 = £3 y1) was recruited from
SOFFI Eehabilitation Center, Bauru, SP, Brazil.
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A Semantic Differential protocel was built up by twelve specialists from SORRI, compnsing 21 sets of opposing
pairs of adjectives related to the practical, aesthetic and symbolic functions of the product (Table 1).

Takble 1 - Pairs of adjectives (in pormzwese) used in the Differential Semantic instument and the comespondent terms in English.

Englizh Portugueze X Enghizh Portugnese
adjustable qiustavel nonadjustabla nde qiustavel
basic basica complets completa
Light leve heany pesada
efficrent gficiente inafficiant eficiants

easy to clean Jacil de limpar hard to clean dificil higienizagdo
cumbersome dificultesa facilitating facilitadora
complicated complicada simple simples
mehdmg inclusiva excluding sliminadora
easy to nde Jacil de “tocar” tough to nde JSacil de “tocar”
easv to transport facil rransparre hard to transport dificil ransporte
repulsre repulsiva attractive arrativa
standard padrio customized personalizada
introverted imtrovertida sociable sociavel
modean modsrmna anfiquated anfiguadea
sophishcated sofisticada bumble humilde
frazile fragil robust resizfenis
unstable instavel stable astavel
dangerous perigosa safe segura
ugly Sfeia pretty bonita
large grande soall pegquena
slowr lemta agile agil

Prior to data collection, subjects read and signed an informed consent form that had been approved by the Ethics
Committes of the Faculty of Architecture, Arts and Commumcation -FAACTNESP (Process n. 200.500/2014).
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For the data collection, subjects were asked fo rate in a seven-point scale their perceptions about each pair of
opposite adjectives. taking inte account their own wheelchairs. The pairs of adjectives were presented in a
randomized sequence.

Mean and standard deviation values were obtammed for each pair of adjectives. To venfy sigmificant difference
(p=0.05) between the mean values of men and women for each pair of adjectives, Student’s t -test was applied,
given the assumptions of normality (Shapire-Wilk's test). The non-parametric Wilcozon's test was used for the
samples (19 pairs of adjectives) that did not meet the assumption of normality.

3. Results
The sample was comprised of ten manual wheelchair users. being five men (mean age of 372472 years) and five

women (mean age of 40.8 + 9.8 years). All the users make use of a manual wheelchair with folding-frame. Table 2
summarizes the subjects” charactensties.

Table 2 - Subjects Characteristics.

Time of wheelchair Time uzing the
Subject Gender Diagnosis usage current wheelchair
(¥ears) (month:) (months)
1 Male Traumatic Brain Inpury 8 &
2 Male Tetaplemia 15 1
3 Male Tetaplema 120 i
4 Male Paraplegia 48 &
5 Male Lower-limb amputation 36 24
6 Female Muscular Dystrophy 30 0
7 Female Paraplegia 32 32
8 Female Lower-hmb amputation 24 24
9 Female Hemuplegia 60 60
10 Female Folio 96 12

For the majonity of the pairs of adjectives, men’s perceptions were more positive than women'’s about their own
wheelchairs (Figure 1). Statistical significant differences between genders was found when compared the average
5D score of the adjectives efficient/inefficient (p= 0.038) and excluding/melnding (p = 0.003).
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Figz 1. Comparison between men’s and women's perceptions abous their own wheelchairs.

In only two cases the women'’s evaluation about their wheelchairs were slightly more positive in companison to
men’s, but no significant difference was found. The wheelchairs were indicated by women as being a little larger
and easier to clean In comparison to men’s report.
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4. Discussion

The current study addressed the semantic aspects of the wheelchair as a product of personal use. By using the
Semantic Differential assessment tool, 1t was poessible to explore the significance of the wheelchair not only from a
practical point of view, but also the aesthetic and symbolic aspects.

The results reveal some mferesting differences regarding the evaluation of men and women about their
wheelchairs. In general the men tended to evaluate the wheelchair in a more positive way than the women did.

The fact that statistical significant difference was found in the pair of adjectives inclusive/exclusive and
efficient/inefficient (women reporting the wheelchair as exclusive and inefficient) can be understood as a reflection
of the limited mobility, which ultimately impacts the users” social participation and the effective use of the device.
This is a relevant finding. considering that there are no major differences between the wheelchairs of male and
female users that participated in this study (all subjects use a folding frame wheelchair). In fact, men’s evaluation on
the easiness to propel the chair was greater than women’s, although with no sigmificant difference. Taking into
account that manual propulsion is a highly extenuating and nefficient means of mobality [12], this result is
somehow expected, since men may tend to be more apt to perform such action, because of their greater physical
capacity, and less likely to express an implied weakness.

Besides the practical aspects of the wheelchair usage, there are interesting findings regarding both aesthetic and
symbolic finctions of the device. In adjectives more related to these aspects, women evaluated In a more negative
way in comparison to men's. This happened for pairs of adjectives such as ugly/pretty, humble/sophisticated,
antiquated'modem introverted/sociable, and repulsive/atiractive, among others.

Although this finding does not allow one to explore deeply the reasons of such difference, it certainly reveals that
the meaning of the wheelchair to the user depends on many factors, with the user gender beng one of great
importance. Designers and manufacturers must consider these gender-related differences, in order to design
wheelchairs that best meet the users’ preferences and expectations. In fact, both men and women perceived their
own wheelchairs as meore standard than customized Taken into account gender-related differemces and users’
preferences in the design of wheelchairs would, ultimately, benefit the users’ self-identification and acceptance to
the assishve device.

While important information was gained from this study, it has some limitations that need to be noted. First, the
small sample size linits the statistical analysis, therefore the results are not representative and cannot be extended to
the population of wheelchair users. Additionally, the subjects” diagnesis and time of wheelchair usage were not the
same between the subjects, which might have influenced the results. Future studies should use a larger sample size,
in order to allow the investigation of the possible influence exerted by specific aspects such as diagnosis and
experience in wheelchair usage on the significance of wheelchairs.

5. Conclusion

The wheelchair research has been focused mainly on the practical fimetions. However, besides the practical
aspects of the user-wheelchair interface, there are subjective aspects that influence the users’ perceptions on the
device and the expenence of usage.

User's acceptance or rejection of an assistive device may not be totally related to practical fimctions of the
product, but also associated to the product’s sigmificance, which reflects what it commumicates socially and
emotionally. Not only refarmming to how able-bodied subjects perceive and evaluate the user and the wheelchair from
2 semantic point of view. but also — and mainly — to how the users themselves perceive the product that is part of
their mteraction with the world.

Although this is a preliminary study, it revealed that the significance of manual wheelchairs to their users is
different between male and female subjects. In general, women's evaluation about their own wheelchairs is more
negative than men’s.

Probably the main finding refers to the two pams of adjectives that showed sigmificant difference: women
considered the wheelchair as excluding and inefficient, while men considered it as including and efficient. This is a
relevant finding and may reveal, ultimately. social consequences of the problems experienced with wheelchair
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usage. Understanding the significance of wheelchairs to the users may benefit designers and manufacturers in the
development of products that best meet the users’ needs, preferences and expectations.
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A new design for an old concept of wheelchair pushrim
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Purpose: Report on the development of an ergonomic manual
wheelchair pushrim and evaluate the user's perception of the
quality of the device. Method: Based on anthrepometric featuras
and ergenomic concepts, a new wheslchair pushrim was
designed, and a prototype was manufactured in polyurethane,
using the rapid prototyping technigue and serial production
of parts by molding. The prototype was tested by a sample of
wheelchair users, who rated the perceived quality of the device
after testing both the new and conventional pushrims in a
wheelchair propulsion experimental protocol. Results: The new
ergonamic pushrim was found to be, in general, better than
the comvertional round tube pushrim. Specifically, experienced
wheelchair users found the new wheslchair pushrim better

in terms of easy and comfortable propulsion, braking and
maneuvering of the wheelchair, and appearance. Comalusions:
The new wheelchair pushrim provides a proper fit for the hands
dueto its ergonomic design and its polyurethane composition,
making wheelchair propulsion easier and more comfortable
than the conventional wheelchair pushrim. Assistive technology
devices should be design based on ergonomic concepts that
imvolve less effort and offer greater comfort for the user.

Keywords: Human engineering, rehabilitation, salf-help
devices, wheelchairs

Intreduction

Recent technological advances in equipment for people with
special needs are aimed at promoting full social inclusion
One of the most important devices for social inclusion is the
wheelchair, which, in its simplest design with manual pro-
pulsion, is the focus of this study. Focusing on the interface
between the hand and the pushrim, we search for a simple bt
efficient innovation for the marmal propulsion by improving
the design of the wheelchair pushrinm.

Implications for Rehabilitation

s Manual wheelchair propulsion has been related
with upper limb injuries that may potentially limit
functionality.

» The comventional pushrim does not meet the need
for a firm and stable grip, requiring further effort to
hiold the pushrim during manual propulsion that may
cause discomfort, pain and contribute for developing
upper limb injuries.

» In a relatively small sample of wheelchair users, this
study shows that sn ergonomically designed pushrim
makes manual propulsion easier and more comfort-
able compared to the comventional pushrin

Manual wheelchair propulsion is still the primary source
of mobility for many disabled people, and has been assodated
with a high prevalence of upper limb injuries, which can be
explained by the combination of repetitive movements and
heavy loads imposed on the upper extremities during this
activity [1]. Carpal tunnel syndrome has been commenly
diagnosed in wheelchair users, and there is a correlation
between the function of the median nerve and the rate of
propulsion. Major cadence and higher forces applied to the
pushrim are correlated with impaired median nerve func-
tiom [2]. The application of excessive force has been associ-
ated with greater physiological cost and also heavier loads on
shoulder joints [3]. Boninger et al. [4] suggest that the direc-
tion or effectiveness of the resultant force on the pushrim can
influence the load on the upper limbs. Forces exerted by the
hands on the pushrim during mamial wheelchair propulsion
can be divided into radial, axial and tangential components.
The relationship between tangential and resultant forces
indicates the effectiveness of propulsion from a mechani-
cal standpoint. A major tangential component for the same

Carrespondence: Mr. Fausto Orsi Medala, Fua Fiedade, 996— Centro, Lengois Paulista— 5P CEP; 18682-0435, Brazil. Tel: 5514132630355,
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magnitude of strength increases the moment about the axis,
and theoretically reduces the effort required for the same
power. Moreover, the application of excessive force has been
associated with greater physiological cost and also the heavi-
est loads on shoulder joints [3].

The majority of manual wheelchairs have pushrims made
of circular metal tubes located at a distance of X mm from
whieel. These pushrims have a tube diameter of 20 mm, which
is too small for individuals whose hand length is approximately
180 mm [5]. In the frst place, it reduces the contact area
between the hand and the rim, which increases the pressure on
the contact points of the hand and the forces transmitted to the
deflicate structures of the hand. Secondly, the inshility to hold
the rim with the entire palm and fingers reduces the mechani-
cal efficiency by recruiting muscles to stabilize the hand on the
rim instead of promoting power for propulsion of the wheel -
chair [&]. It is both notable and surprising that this pushrim
design has existed since the middle of the twentieth century,
whereas the design of grip tools, appliances, car steering wheels
and other devices underwent enormious changes. Therefore, the
wheelchair pushrim is a strong candidate for potential changes
aimied at relieving pain in the upper limbs and prolonging the
independent use of manual wheelchairs [7].

Many wheelchair users report that the design of the push-
rim does not meet their needs during wheelchair propulsion.
In a survey of 117 wheelchair users, only 39% reported using
solely the pushrim for propulsion, 54% stated they hold the
pushrim and tire simulianeously, and only 7% wse the tire [8].
In addition to propulsion, braking is also an important ele-
ment of the relationship between the hands and the pushrim.
There have been personal reports of slipping or overheating,
thermal discomfort and unpleasant smell due to the chemical
reaction between sweat and metal, which also canses wear of
the paint on the pushrim.

Considering the wheelchair pushrim as the handle of a
manual instrument, it is believed that if the shape and dimen-
sions are ideal it can be used more efficiently [9]. The hand/
tool interface consists of hand. tool and task. In fact, these
three components interact with each other, directly affecting
the user’s effectiveness, safety and health. The hand/handle
can be considered an important part of the power transmis-
sion that is generated directly by humans on any instrument.

This study reports on the development of a manual wheel-
chair pushrim based on anthropometric and ergonomic
concepls, whose shape and size are ideal for the function of
manual wheelchair propulsion. In sddition, the study evalu-
ates the user’s perception of the overall quality of the wheel-
chair equipped with the new pushrim.

Materials and methods

This study involves a technological innovation within the field
of assistive technology, in which a wheelchair pushrim model
was developed with emphasis on anthropometric features and
erponomic concepts, creating a virtual prototype that was
manufactured in polymer. The pushrim prototype was tested
by several wheeldhair users, who rated the perceived quality
of the wheelchair device.

Conceptual creation

Taking as reference the approximate hand’s length of 180 mm
for adults [5], and based on the principle of erponomic design
of maximizing contact area, the new design of wheelchair
pushrim aimed at providing the user a functional and com-
fortable grip. The design was developed using CAD Solid
Edge ST2 software (Siemens PLM Software, Plano, TX, USA)
to create a virtual model of the wheelchair pushrim.

The handles of manually operated devices must be
designed to avoid the frequent use of a inger or thumb,
distributing physical demands to all the fingers. The distri-
bution of pressure across the palm and fingers of the hand
reduces the need for efforts at specific points, especially the
thumb. Thiz reduces the activity of the small muscles of the
hand [10]. According to Shimada et al. [11], a significant
part of the forces applied to the pushrim do not contribute
to the forward movement, but are reguired to provide fric-
tion between the hand and the rim, which explains why some
wheelchair users wear gloves. A larger contact surface for the
hands may reduce the demand for muscle strength to hold
the pushrim, resulting in less muscle work and increasing the
efficiency of the movement.

Based on the virtual model designed with the Solid Edge
5T2 software, a polymer wheelchair pushrim prototype was
produced by the rapid prototyping technigue, followed by a
serial production of the parts using a silicone mold. These
pushrims were assembled and installed on the rear wheels of
the wheelchair in place of the original pushrims.

Evaluation of the wheelchair pushrim

Participants

The study involved six independent users of manual wheel-
chairs who are patients with spinal cord injuries treated at the
physical therapy service of the Lucy Montoro Rehabilitation
Institute in Ribeir3o Preto, 530 Paulo, Brazil. These patients
were invited and signed a consent form agreeing to participate
in the study. This study was approved by the Ethics Committes
of the Clinical Hospital of the Faculty of Medicine of Ribeiran
Preto, Unievrsity of Sao Paulo.

The activities were based on the Wheelchair Circuit pro-
posed by Kilkens et al. [12]. The participants performed the
same activities with a wheelchair in two situations: wheelchair
with the conventional pushrim; and wheelchair with the new
pushrim, with 20 minutes of rest between the two activi-
ties, when the wheels were swapped. All subjects performed
the activities in a standard design Freedom Plus wheelchair
{{Freedom, Pelotas, RS, Brazil) (width of the back: 420 mm;
height- 400 mm; seat: 420 mm wide and deep; pressure of the
rear tires: 4.5 bar). The wheelchair used had the same techni-
cal specifications regarding seat measures and the standard
type of pushrim of the subjects” wheelchairs. The order of
pushrims used during data collection was randomized, and
no blinding procedure was done, due to the dear difference
in appearance of the devices. All the activities, which were
performed on flat terrain, involved:

Three minutes of straight propulsion at a comfortable speed,
repeating a course of 15 meters;
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Two minutes of figure-eight-shaped propulsion arcund three
markers placed on the floor at a distance of 1.5 meters;

One minute of maneuvers with the wheelchair, with only the
rear wheels in contact with the ground, then moving for-
ward, backward and turning.

Fifteen meters at full speed in a straight line.

Instrument of assessment
Upon completion of the above activities, the users answered a
guestionnaire containing nine questions, in order to register
and evaluate their perception of the quality of the new device
compared to that of the conventional pushrim. The questions
involved mainly aspects of manual propulsion, focusing on
the pushrim, with five comparative alternatives (a— much
better; b- sightly better; c— no difference, d- slightly worse,
e- much worse). This questionnaire was designed by the
researchers for use in the present study and, thus, is not a vali-
dated tool (Appendix 1),

The results of the development and evaluation of the push-
rim are described below.

Results

Conception and virtual model of the wheelchalr pushrim
The new pushrim replaces the geometric design (cylindrical)
of the original round tube pushrim with an ergonomic design
aimed at providing a larger contact area without increasing
the wheelchair's dimensions, and a secure and comfortable fit
for the hands during both pushing and braking. To this end,
the new device features a slightly curved upper surface on
which the thumb, the thenar eminence and the base of the
hypothenar eminence can rest; a lateral surface to support the
distal half of the palm and proximal phalanges of fingers 11,
I, IV and V; and a lower surface to support the medial and
distal phalanges of the fingers. Figure 1 illustrates the develop-
ment of the concept of the new ergonomic pushrim.

Phiysical model of the pushrim

The rapid prototyping technique (inkjet print in plas-
ter - PRINTER Z 310 - Z CORPORATION, Burington,
Massachusetts, USA) was chosen to produce the model due to
its curve and asymmetric peometry. Due to the limited dimen-
sional capacity of the conventional 31 printers, the design of
the pushrim with the CAD sofiware was divided into eight
equal segments, which required an additional design of a part
to connect a pair of segments internally (Figure 2). Each seg-
mient has a tab to attach it to the bottom surface of the rim,
which supports the wheeldhair tire. Both the sepment and the
connecting piece are designed for removal in a specific direc-
tion from the mold, ie. after removal from the mold, each
segment should be contained within the sepment removed
immediately before it.

Manufacture— casting

A silicone mold (shore 354 hardness) was produced from the
prototype model (Fig 3a). The polymer was then cast inside
the mold cavity to mold the pushrim’s sepments and connect-
ing pieces. Each pushrim of the wheelchair consists of zight

Copyright & 2041 Informa UK Ltd,

Mew design of wheelchair pushrim 3

5.6 em
Bom
2am
1,5 mn

(c) (d)

Figare 1. Conceptual development of the new ergooomic pushrim- (a)
cross-section of the comventional pushrimg () idealiation of the cross-
section of the new pushrimg (<) fnal project: shape and measurements of
the cross-section the new pashrim; (d) 30 image of the new pushrim.

Figure 3. Mounting system of the pushrim segments for assembling
with internal parts.

segments and eight connecting pieces. Using plastic ghe, these
segments and connecting pieces were glued together inside a
525 mm diameter ciroular wooden template whose diameter
was equivalent to that of the wheel on which the prototype
would be installed (Fig 3b). Two wheeldhair pushrims were
assembled as described.

The pushrims were sanded and painted before testing. After
removing the conventional pushrims, the new pushrims were
screwed onto the rear wheels using the wheelchairs original
installation system.
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Materlal selection
For the design of a hand operated device, it is important
that the material provides a firm grip for the hands, thermal
comfort and adequate friction [13]. Also, the material selec-
tion had o be based on the requirernents of manufacturing a
single prototype, i.e., that the material had to be suitable for
the production of parts using the technigue of rapid proto-
typing followed by replication in silicone mold. Polymers of
medium hardness (Shore [ 70-90 hardness) appear to meet
the demand, based on the concept of car steering wheel coat-
ing that replaced bakelite for more flexible polymers. In addi-
tiom, in terms of total manufacturing cost, the polymer wsed
in this study allows for casting at room temperature.

According to Smith [14], thermoset polymers for engineer-
ing design applications offer the following advantages: high
thermal stahility, high stiffness, dimensional stability, resistance
to deformation under load, and good thermal and electrical
insulation properties. Two casting systems— epoxy and pobyure-
thane— were tested. Polyurethane (PU RP5D - Oligomtec) was
selected, which presented a pot life of 40 mimutes, preparation
viscosity of 360400 cPs, hardening time of 4 hours and cure
time of 1 day. After curing, the material presented a Shore-D
hardness of 83. The part presented a good fit to the silicon mold,
with easy removal, less adherence to the mold and therefore
good preservation of the mold, enabling the serial production
of parts. In contrast, despite its low viscosity (2800-3300 cPs),
the charged epoxy resin was very brittle, leading to fractures
during removal and chemically attacking the slicone mold
Moreover, the composition of the charged epoxy system was
miore viscous, making it difficult to fill the mold

Hurman skin is more sensitive to heat or cold in compari-
son with other parts of the body. The fingertips are good heat
receptors and consequently are sensitive to heat conduc-
tion [15]. Therefore, at room tempersture, steel feels colder
than wood. Thermal comfort can be influenced not only by
skin sensitivity but also by the thermal properties of materi-
als, through differences in thermal conductivity. Polymers are
known to have a very low thermal conductivity when com-
pared to that of metallic materials, i.e, the thermal conductiv-
ity of polvurethane plastic is approximately 370 times lower
than that of carbon steel [16,17]. The lower thermal conduc-
tivity of polymers compared to metals may represent a gain in
comfort during wheelchair use by reducing the sensation of
heat on the wser’s hands.

@

Figare 3. {a) Silicon mold from which the pushrim segments were produced in Polyurethane; (b) assembly of the pushrim.

i
(b)

Hand contact with the pushrim
During preliminary tests the new wheelchair pushrim showed
satisfactory coupling with the hands, also providing a firm
grip, large surface contact and less flexion posture of the fin-
gers than the conventional pushrim (Figure 4).

Figs 5a and b illustrate the differences with respect to cou-
pling of the hand on the two different pushrims.

Equipment evaluation

Six experienced wheelchair users, with diagnosis of paraplegia
due to traumatic spinal cord injury (ASLA A-E levels of injury
between T1 and T6), were invited to test the new wheelchair
pushrims. All of them were men who used wheelchairs to
move independently, with mean age of 33£96 years. The
mean time since injury was 4 + 4.3 years, and the referred time
of independent use of the wheelchair was 4 + 2.6 years.

It is noteworthy that, after the tests with the two types
of wheelchair pushrim, all the participants considered the
new pushrim, in general, much better than the conventional
one. Figure & describes the perception of users regarding the
comfort in pushing, braking and manewvering. coupling with
hands, and force required to propel the wheelchair.

Figure 4. Hand fit to the new pushrim: cross-section image.

™.
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Figure 5 Hand Bt e {2) a conventional pushrim; (b) the new

puashrim.
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Figure f. Wheelchair nsers’ perception of the quality of the new wheel-
chair pushrim compared to the conwentional pashrim. Vertical axis
referring to the percentage of participants.

The wsers’ perception about the appearance of the device
was also verified. Most of the participants (67%) considered
the appearance of the new pushrim better, and 33% indicated
“no difference”. Moreover, locomotion in a wheelchair with the
new pushrim was considered easier (67% of the participants
stated it was "very easy” and 33% claimed it was “somewhat
easier” ).

Discussion

The new pushrim provided a functional grip, since the wrist
joint remained in slight extension, positioning the superficial
and deep flexor muscles of the fingers in a favorsble condition
for their action. This synergism between the finger flexors and
extensor carpi muscles is essential for gripping. The extension
of the wrist is considered functionally more important than
flexing, since it enhances the action of the finger flexor tendons,
increasing the grip strength [ 18,19]. The positioning of the finger
joints can favor functional gripping when the force they exert is
directed towards the palm of the hand, which increases the con-
tact force of the entire palm against the pushrim, thus increasing
its stability [20]. Therefore, by holding the pushrim, the fingers
increzse the pressure in the region of the palm against the lateral
surface of the device, whose size and shape adequately acoom-
mdate the entire surface of this region of the hand.

Copyright & 2011 Informa UK Ld,
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In the design of hand tools, the diameter of the handle is
one of the key points to maximize its performance, since it
reduces the stress on the forearm musdes and tendons of the
fingers during the use of hand tools. The cross-section of the
conventional pushrim (20 mm dizmeter) provides 68.8 mm
of contact surface, which is insuficient to support the entire
hand, considering the length of the hand of approximately
180 mm [5]. Kong and Lowe evaluated five cylinders of vary-
ing diameters {25, 30, 35, 40, 45 and 50 mm) and observed
that the highest strength and efficiency (greater torque with
less muscle effort) were obtained from the handle with a
diameter of 50 mm [21]. Shih and Wang demonstrated that
the increase in maximum torque stabilizes at a platean when
the diameter of the grip increases above 50 mm [9]. Thus,
these studies show that the dizmeter of 50 mm, with a contact
surface of 157 mm in cross section, is able to provide firmer
and more stable grip, with greater efficiency in the application
of forces. These findings, applied to the analysis of the wheel-
chair propulsion, expose the limitations in the design of the
conventional pushrim as 2 hand-operated device. In addition
to the ergonomic design developed considering the best pos-
ture of hands for the proper manzagement of the wheelchair,
the ergonomic pushrim described here has approximately
123 mm of surface for hand’s contact, supporting most of the
hand, as required for a stable, firm and functional grip.

It is worth noting that torgue is a function of the tangen-
tial force of the radius of a handle. In their study, Kong and
Lowe [19] demonstrated that muscle efficiency increases when
the diameter of the handles increases. In this case, the torque
depends on the radius of the cylindrical handle, since it is gen-
erated by rotating the cylinder about its axis. However, in the
present study, the radius on which the torque depends does
not involve the ftting of hands on the pushrim, but on the axis
of the wheechair’s rear wheel. However, the iindings of Kong
and Lowe [19] can be employed in the analysis of the present
study, considering that a manual instrument with increased
diameter of the handle {and hence, also an increased contact
surface area) provides higher musde efficiency and greater
stahility of the hand, thus meeting the objectives proposed in
the erponomic design of the new pushrim.

Improvements in the upper extremity symptoms and in the
ability to perform functional tasks had already been reported
with the use of the Matural-Fit ( Three Rivers Holdings, Mesa,
AF, UUSA) [22,7], a product designed to provide an improved
fit 1o the hand and relieve stress and pressure on the carpal
tunnel. Although both the new pushrim described here and
the Matural-Fit are based on ergonomic design, important
differences can be observed. Concerning the size and shape
of the devices, the ergonomic pushrim has greater vertical
diameter (50 mm compared 38 mm from Matural-Fit), and
its lateral surface has slightly convex shape proper to support
the entire palm during grip. We believe that, during manual
wheelchair propulsion, hands need not fully involve the rim,
and therefore the largest vertical diameter associated with the
convex contour of the lateral surface are sufficient to provide
a firm and stable coupling to the brief but highly repetitive
contact of hands on the pushrims. The design of the cross sec-
tion is not, therefore, imternally dosed. Furthermore, while
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the Matural-Fit pushrim is an assembly of two separately
coated components (a smooth for the palm of the hand and
a higher friction surface for the thumb) for propulsion and
braking, the erponomic pushrim is made entirely of a single
materizl: polyurethane. As a result, the contact of the hands
on the pushrim can be kept the same either for pushing or to
brake the wheelchair.

The results indicate that the new pushrim was well accepted
by the wheelchair users, who stated that it facilitated wheel-
chair propulsion and who considered it, overall, an improve-
ment over the conventional pushrim still in use today on all
known wheelchair models. Several factors should be consid-
ered to understand these findings. As mentioned previowshy,
the new device provides a high contact surface for hands and
fingers and allows for optimal posture, with no overload at
specific points of contact, since the entire palm and fingers
are supported. The design of the new wheelchair pushrim is
based on ergonomic concepts involving the anthropomorphic
and anthropometric characteristics of the hand. As a result,
it is comfortable and facilitates the propulsion of manual
wheelchairs, according to the participants, thus embodying
the concept of comfortable usability.

The appearance of the new pushrim was best assessed by
comparing it to the conventional pushrim. Concern about
the appearance of the device reveals the user's desire for a less
stigmatizing and obsolete round design, which is characteris-
tic of the classical model in use for many decades. This classi-
cal design does not consider the individual, and contributes to
the continued image of a wheelchair as a negative symbol of
physical disorders, disabilities and handicaps [23]. Thus, the
design of accessories for wheelchair users should be guided
not only by functional aspects but also by innovative features
that minimize the individual’s imitations and strengthen his
abilities. This requires significantly changing the visual con-
cepts of equipment wsed so far

Another aspect that may have positively influenced the
assessment of the device was the material it is made of- poly-
urethane. In the manufacture of handles, metallic materials
should be avoided because they mechanically compress the
tissues of the hand and increase the transmission of cold, heat
and vibration. Moreover, metal pushrims have a relatively high
hieat transfer, cansing discomfort in cold weather. On the other
hand, rubber coated metal pushrims, which provide good
traction, greatly increase the temperature of the hand during
braking, making them uncomfortable [24]. Thus, the polyure-
thane pushrim appears to offer a better option for the users
mechanical and thermal comfort than the metal pushrim.

Finally, it should be emphasized that the strength of grasp
applied to & hand ool increases significantly with increasing
weight of the equipment or resistance to movement [25]. Thus,
a primary objective in the design of equipment for manual
wheelchairs should be weight reduction, since this is related
to bower risk of injury during its use [26).

Limitations

Althoupgh important information was gained from this
inwestigation, several limitations need to be noted. First,

the small number of subjects and the sample not selected
randomly to test the wheelchair pushrims limits the gen-
eralization of the findings. Our sample, therefore, repre-
sents a group of adults with paraplegia due to spinal cord
injury, who independently uses the wheelchair. Due to the
need to create a survey tool specific for the purposes of this
study and, therefore, not a validated tool, the comparison
with previous studies is limited. Furthermore, potential
limitations in the design of the pushrim must be taken into
account. The use of only one size of prototype may limit the
extension of the results to others populations with differ-
ences in anthropometric measures. Moreover, despite the
gond technical characteristics of the polyurethane used, it
does not present the same resistance o impact and defor-
mation of the metallic materials, and thus may be broken in
cases of high-intensity impact.

Conclusions

The design of the new wheelchair pushrim presents innova-
tive features that provide a proper fit and greater comfort for
the hands, allowing for a hand and wrist posture that favors
a functional grip. The product provides the wser with a larper
contact surface and improved thermal comfort due to the
lower heat transfer coefficient of polyurethane than that of the
conventional metal pushrim. The wheelchair users referred
that the new ergonomic pushrim provided greater comfort in
propelling, braking and maneuvering of the wheelchair, bet-
ter coupling to the hand, kess force required to propel, easier
locomotion and a more attractive look than the conventional
pushrim. The promising initial results presented in this stady
encourage further investigation of the kinetics and kinemat-
ics of manual wheelchair propulsion with the new pushrim.
In addition, further studies involving a larger number of par-
ticipants should be conducted to evaluate their acceptance
and satisfaction with the device, thus obtaining more conclu-
sive data to justify the production of the new pushrim and to
recommend its use in wheelchairs. The application of innova-
tive concepts in the design of assistive technology products, a
characteristic that defines the essence of this study, indicates
a trend for the development of increasingly advanced prod-
ucts and solutions, including customization for people with
special needs. Furthermore, it helps to do away with nega-
tivistic paradigms in favor of positivist ones that focus on
the potential of the disabled person. In this sense, the device
should not only meet the wser's needs and help him overcome
difficulties, but also maximize his potential and provide new
opporinnities.
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Appendix 1. Comparative questionnaire of two types of wheelchair pushrim

I

With respect to driving comfort of the wheelchair, you
consider the new pushrim (as compared to conventional
pushrim):

a) Much better

b) A little better

c) Same

d) Somewhat worse

e) Much worse

With regard to the comfort to brake the wheelchair, you
consider the new pushrim (as compared to conventional
pushrim):

a) Much better

b} A little better

c) Same

d) Somewhat worse

e) Much worse

. In your opinion, the coupling of your hands to the new

pushrim is, compared to the conventional pushrim:
a) Much better

b) A little better

¢) Same

Copyright € 2011 Informa UK Ltd.

d) Somewhat worse
¢) Much worse

4. To maneuver the wheelchair and transpose some obsta-

cles (like small steps, for example), you consider the new
pushrim, compared to conventional pushrim:

a) Much better

b) A little better

c) Same

d) Somewhat worse

e) Much worse

. With regard to the force needed to propel the wheelchair,

how do you evaluate the new pushrim, compared to the
conventional pushrim?

a) Much less force

b) A little less force

¢) Same

d) A little harder

¢) Much harder

6. To hold the new pushrim, compared to the conventional

pushrim, how much force did you need to do?
a) Much less force
b) A little less force
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) Same
d) A ligtle harder
&) Much harder

. What is your perception regarding the appearance of the

new wheelchair pushrim, comparing with the conven-
tional pushrim?

a) Much better

b} A littde better

c) Same

d) Somewhat worse

e} Much worse

You consider that the wheelchair locomotion with the
new rim, compared to the conventional pushrim,
became:

al Much easier

b} alittle easier

¢} Same
d) A little harder
e} Much more difficult

. What is your overall evaluation of the new pushrim, in

comparison with the conventional pushrim?
a) Much better

b} A little better

¢} Same

d) Somewhat worse

e} Much worse
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ANEXO 05

Biomechanical and Perceptual Evaluation of the use

of a Servo-Controlled Power-Assistance System in
Manual Wheelchair Mobility

Fausto O. Medola. Guilherme 5. Bertolaccini, Sara
EM. Silva
Sao Paulo State University (UNESE)
Baum, Brazl

fausto. medolafifaac unesp br

Absrraci—This preliminary study imvestizated the effect of the
implementation of a servo-controlled power assisted mechanizm in
a manual wheelchair on the demand: of the opper Bmb muscles
and the smbjects’ perception about the effort and difficolty to
perform mobility tasks. The electromyographic activity of four
upper imb muscles (pectoralis major, anterior deltoids, triceps
and biceps) and the rate of perceived exertion and difficalty in six
different wheelchair mobility tazlks performed by eight sobjects
were analyred comparatively with the wse of two differemt
wheelchairs: a standard manual device and a prototype of 2 serve-
conirolled power assisted wheelchair. The results show that the
subjects considered easier and less stremmons to perform mast of
the wheelchair mobility tasks with the wse of the power-assisted
chair, in comparizon fo the manoal wheelchair. Data from
muscles” activity showed that moving on an ascent ramp with the
serve-assisted wheelchair reduoced the biomechanical demand on
the npper Embs, in comparizon with the standard wheelchair.
However, the other five mobility task:s did not have the same
resuliz, suggesting that the servo-conirolled mechanizm still needs
to be improved to provide consistent benefits for the nsers in terms
of reducing the biomechanical loads during manoal propulsion.

Eeoywords— W heelchairs,
Biomechanics.

Mobility, Propulsion, Reberics,

L INTROTDUCTION

An inereazed amount of research has showm that
manual wheelchair propulsion 13 a very imefficient and
strenuous mean of mobility [1-3]. As a result of the long-term
use of mamual wheelchaws, users tend to dewvelop pam and
mguntes that, ulhmately, may affect their independent and safe
mobility. Studies have shown a lugh prevalence of problems
related to the biomechamecal overload that the upper hmb’
muscles are exposed when repetitively pushing the handrims to
move with a wheelehair [1.4]. As mainfaimng the infegrity of
the upper lhmbs’ fimction 15 a key factor for independence,
reducing the demand on the upper hmbs and improving
mobility efficiency 15 therefore important to benefit user's
participation and quality of hfe.

Ergonomuc solutions for the design of the wheelchair
and its components have been reported 1 previous studies [3-
£]. Robotic systems for wheelchanrs have also been proposed to

9758-1-5386-2512-5/18/531.00 £2018 IEEE
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address condifions and bamiers that users find in daily mebality
and transfiers [9.10].

When 1t comes to mmproving mamal propulsion
efficiency, pushnm-acivated power assisted wheelchans
(PAPAWS) have been proposed to provide complementary
torque for the user's forces apphed to the handnms, in an
atternpt to reduce the Wmomechanscal demard as well as to
improve mobility efficiency. Such systems comprise in bub
sensorial and motor system that detect and increase the user's
actions on each rear wheel separately. While studies have found
posifre results of reduced demand on the upper limbs and
increased distance travelled [11-12], problems wath
mzneuverability have also been reported [13]. Itis possible that
the mdependent action of the motors on each rear wheel result
in some difficulty iIn maneuvenng the chaw as it alters the
twmng radms ongnally intended by the user. Therefore,
reducmg the iomechameal demand on the upper lmbs while
mamtaimmng sunilar drovability fo 2 mamal wheelchar may
benefit user's mobility.

This study aimed to imvestigate the effect of the
implementaton of a  servo-controlled power assisted
mechamsmin a mamial wheelchair on the demands of the upper
limb mmscles and the participants" perception about the effort
and difficulty to propel the wheelchawr in different mobility
tasks.

I MATERIAL AND METHODS

A. Participanis

A sample of eight subjects wathout disabalibies, all male
{average age of 28+16.33 vears, average waight of 74.5+10.74
kg and average height of 1.7+0.05m) were recnuted at Sao
Carlos School of Engmeening (Unmversity of S3o Paulo, 530
Carlos, Brazil), and '.'olunmﬂv parficipated in thus studv
Participants met the following mchision entena: {1} M
age of 18 wyears; (2) had no upper limbs pamn, mjunes or
drsorders that could mfluence the activity of manual wheelchar
propulsion. Prnorto data collection, participants read and signed
an informed consent form that had been submitted and
approved by the Ethies Comumttee of the Faculty of
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B. Wheslchairs and procedures

Two wheelchawrs were used to compare biomechamcal and
perceptual data from the subjects: a standard manual wheelchar
with foldable frame (AVD Alumime Rechnavel,
ORTOBEAS), total mass of 17 kg (Fig. 1); and a prototype of
a servo-controlled power assisted wheelchaw (Fig. 2).

|

Fig. 1. Standard foldable-frame marmal wheelchair.

Fig. 1. Servo-assisted wheslchair prototype: (a) front wview, (b) perspective
visw, () mechanical and electronic conponents under the s=at.

The servo-assisted wheelchair prototvpe, model 2017, 15 an
evoluton of 2014 model [7], consisting 1n a hybnd model with
a single central DC motor, model EC 45 brushless from Maxon,
with a 4-0Q-EC DEC 70/10 Maxon dnver with setup in cuwrrent
mode. Between the wheels and the motor, there are tao gears:
the fst 15 the motor output, being a planetary gear model
Mamon GP 62 A with reduction ratio changed to 35.65:1; the
second, between the planetary output and wheels, a differential
transmmssion with &1 reduction ratio. The masanmm lnear
speed reached by this confipwation was 2.8 mph wathout any
user mput. For the confrol logic and data acquisition, if was
mplemented a Mational Instruments NI-DAQ USE 6009 board
commected to 2 Microsoft Swface tablet runming an executable
Labview program. An operational amplifier with gam equals to
two was also used once the maxlm'umdnrerlnplﬂma.« 10V
and the maammm NI-DAQ owiput was 3V, meamng that the
motor was being undemised. Curmrently, ﬁ model has fixed
current cutput with three different ophions: 33%, 70% and
100% maximum cwrent characterizing a proportional gain
comtroller. In this confipwation, the wheelchair weights 33 kg
equipped with 24% hthium battery wath 10AH charge that
supplies the whole systen.

Fig. 3 dizplays the block diagram proposal, where the nser
specifies the deswed cwrent opfions, leading te a reference
cwrent (frgf). This way, the Maxon diver tnes to follow ths
cwrent with 2 mamufacturer ntemnal control loep, which 1=
sumplified by the blocks mside the dotted bleck: a cwment emor
{Jerr) 15 the result between the reference cwrent and the actual
cwrent (Jact), obtaired via mternal cocwtry and sensors. Asa

result, the motor grves an cutput torque (Tacr), belping the wser
imput on the wheelchair (Tuser). The wheelchawr, then displays
a lmear translafional velocity. It works open loop for the user
inpuf, only closed in the motor mtemnal cwrent tracking.

r=la T, :|. J_\"‘ w
Lzer |- ol FES e Wiheskchair |

|
M1 Dl - K, I'r"':: } L”- Driver | = Maiar

J-l:ll.rr-il-_

Fig. 3. Block dixeram for the wheslchair control system

The test consisted of performing, with both wheelehairs, six
different mobility tasks: 15-meters forward propulsion at self-
selected speed; 15-meters fDr‘iﬁId“pl‘i.lliE;-ﬁSl’a_-. possible;
cirenlar  trajectory  (fwo-meters radius) m  anb-clockwise
direction: slalom cowrse (15 meters cnurse with alismed cones
saparated by decreasime distances of 2 5m 2 Sm 2 m 2 m 1.5
m 1l5m lm |l m 1 m)asproposed in a previous study [3];
descent ramp; and ascent ramp. Dhmng the tests, swrface
electromyography (:EMG) data of anrerior deltoids, pectoralis
major, friceps brackii and biceps brackii were collected nsing
wireless sensors and a Data Logzer module (T-5ens, TEA Ergo,
France) to register the EMG =zipnals. Trnode swface self-
adhesive electrodes T3402M (Thought Technology, Canada)
were placed mn the respective posifions for each mmscle m
accordznees with the SENIAM project (www semam org) on the
dommant side of the subject’s body to record the electmcal
activity of the respective muscles.

Surface EMG datz were sampled at 2048 Hz wath EMS
frequency caleulafion of 128 Hz EMG data analysiz was
performed with the CAPTIV L-T000 software (TEA Ergo,
France). All EMG caleulation was 1o mV and analyzed duning
the complete trajectory, and the first and last pushes were
discarded, 1n order to analvze the mmwscle achvaty mn plam
motion. After each trajectory, subjects were asked to rate their
perceived exertion (FPE) and the difficulty to perform each task
mm a Borg's Scale [14] and a fen-point analog visual scale,
respechvely. Data amalysis of subjects’ perception was
performed using descnipiive stafistics with mean and standard
deviation, and Students” T-test was apphed to venfy statisheal
difference between the subjects” percephion wath the two
wheelchars. For the EMG apaly=sis, mean values were obtamed
for the four mmscles of all subjects and presented desenphively
by the means of the percentage of the activity relative to the
maximmm voluntary contraction (MVC). Sizmificance level
was determuned by p<0.05. All statstical anabyses were
performed using the software SPSS version 22.0 (SP55 Inc.,
Chucago, IL, TTSA).

II. RESULTS

The results show that both the hiomechamieal load on the
upper mbs mmscles as well as the subjects’ perception of
exertion and the difficulty to perform the six different mobility
tasks are mfluenced by the wheelchair tvpe (standard manual
wheelchar and servo-controlled power assisted wheeleharr).
Swpnsingly, the results of the EMG showed that, m most of the
situations mmvestgated in this study, there were lagher levels of
muscular achvity when meving with the servo-controlled
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power-assisted wheelchawr prototype, except when moving on TABLEIV. EMG ACTIVITY I¥ ASCENT RAMF.

ascendant ramp (for the tneeps, deltoids and baceps), as shown PR—
i Tables I to VL
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In contrast to the EMG findings, the participants’ EPE was
ka::':d lower when performing mobility tasks wath the servo-assisted
e HLEn | aaaen | imEs | sen wheelchair compared to the standard manual wheelchair (Fig.
e e o o o 4). Sigm ficant differences were found m the forward propulsion
i e 1 1 -
== i at self-selected speed (p=0.01). forward spnnt (p=0.01) and
Virtatises of slalom course (p=0.03). Although not statistically signaficant,
s S n ; - ’ :
i p e o i T the only situation with }:ugher averaze of RPE Was moving
down on a ramp, suggestng that the torque provided by the

motor enhancing the imerha lead to an mcreased effort to



decelerate the chaw. Sumlar results were found w the
participants” perception of difficulty with lower rates with the
use of the prototype of the servo-contrelled power-assisted
wheelchaw, wath stahistical dufference found m the followmg
mobality tasks: forward propulsion at comfortable self-selected
speed (p=0.03), circular (2-meters radius) trajectory (p=0.02),
slalom course (p=0.03) and ramp ascent (p=0.02), as shown m
Fiz. 5.
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Fig. 5. Subjects” perception of difficalry in performins mobility tades with the
two wheelchairs. * p=0.05.

To ilustrate the companson of the resulis of the EMG
measurements dunng the mebibity tasks with the twe
wheelchaws, Fig. 6 presents the rato between the standard
mammal wheelchaw and the servo-controlled assisted wheelchan
(WMW 7 SCAW) mn terms of the mean EMG activaty of all
muscles for all the rajectones. Values above the 1-line means
that the biomechanical demand was lugher with the muammal
wheelchaw i companszon to the servo-controlled wheslehanr
In tuwrn values below the 1-line reveals the opposite: hugher
demand on the upper hmb mmscles when propelling the serve
assisted wheelcham
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Fig. . Ratio (MW/'SCAW) of the mean EMG for the mamm] wheslchair (MW)
and servo-conmolled assisted wheelchadr (SCAW).

IV.  DISCUSSION

This study found that providing power assistance
complimentary to manual propulsion mfluences the
biomechanical demand on the upper limbs’ muscles and the
subjects” perception of effort and difficultness i performang
different mobality tasks. Hewever, the EMG findings and the
subjects” percephons have some controversial results: while the
perceived effort and difficulty was higher wath the manual
wheelchair in most of the mobility tasks. the measurements of
mmscular activity were lower with the manual wheelchaw n
companison to the servo assisted device 1n many of the
sitnations. A possible reasen for the mereazed EMG activity
with the power assistance mav be the resistance that the motor
transnuts to the rear wheels axle that, ulbmately, results n a
shght resistance for the user to start pushing the handrims. Also,
the mcreased mass (33 kg) of the prototype may have
influenced, and future work should focus on reducing the mass
of the prototype. However, EMG findings indicate that when
mMOVIE Up o0 3 ramp - a problematic mobihity situation for
wheelchair usars - the demand on the upper limbs mmscles was
reduced in comparison to the manual wheelchanr.

Based on the results presented in Fizure 5, if can be noted
that both pectoralis and fceps mmscle had lower actrvation
with the use of the mamal wheelchair compared to the power-
asslsted one, while the ratio for the anterior deltoads and biceps
are close to the 1-lme and above it in some tazks. For ascending
a ramp - one of the most challengmg mebiity task to perform
with a manually propelled wheelchair — the mmscle actraty was
lower with the use of the power-assisted device for three
(antenior delfoids, friceps and biceps) of the four mmscles
imvestigated, suggesting that power-assistance may facilitate
movIng on ramps and mehine terrains,
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Subjects considered sasier and less stretmons to move with
the power assisted chair in companson to the standard manual
cne 1m all the mobility tasks, except in one siwation. This 1 a
positive finding, considenng that problems m mapeuvenng
PAPAW s have been reported [13]. Improving the dovability
and mapeuverabibfy 1= an important 1ssue for mammal
whaelchaws with power-assistance system.

This study has lmutations that need to be noted. Fust, the
sample size 15 relatrvely small and only subjects without
disabilihes participated. Therefore, the results may not be fully
representative of a wheelchair wser. Furthermare, it 15 possible
that the knowledge of using an automated wheelehair may have
influenced the percepton of the participants. Future studies
with larger sample size and real wheelchair users may provide
a clearer view on the mfluence of the use of the servo-controlled
power assisted wheelchair on the biomechamical demands and

Addtionally, the proportional contreller 1= not the soluton
that will be implemented n future works, due to the fact of low
assistance to the user: it mav be another canse of the hugh efforts
by the user. Interachon confrol, such as mpedance controller
[15]. 15 a2 good candidate to aid the user in the process of
manewvernng the wheslchaw. The gear friction and other effects
due to mnmeodeled dynamaes can be pummmred using other
compensators [16], giving the wuser the sensaton of
transparency of the motor [17].

W COMNCLUSION

The cwrent study found that the prototype of a serve
controllad power assisted wheelehaw has the potential to benefit
the users’ mobility by reducing the percerved effort and
difficuliness i p-arfi:-lmmg different wheelchaw mobality tasks,
as well as reducing the biomechanical load on the upper Limbs
mmscles when ascending a2 ramp. However, electromvography
data showed an increased demand on the upper limbs m forward
propulsion at comfortable speed, forward spront eweuwlar
trzjectory and slalom cowrse. Besnides the mereased mass of the
prototype, another possible explanation for these findings 15 that
the motor acting on the rear wheels” axle adds a resistance to
the imitial phase of pushing the handrims forward. Future work
should focus on reducing the totzal mass of the power-assisted
system as well as mimimimng the resistance of the motor 1n the
wheel: movement resulted from the user's pushes om the
handrims, and on implementing other control techmigues for
user aid and transparency of the system.

ACFROWLEDGMENT

The authors weould like to thank FAPESP (Process
16/05026-6) and CHPg (Process M. 484153/2011-0) for the
financial support.

REFERENCES

[1] MD Alm H Samste and C. Nombrink, “Shoulder pain in persons with
thoracic spinal cord mjury: prevalence and chamcteristes™, T Behabil
Mled. 2008:40:277-283. dei:10. 2320 165018770173

[ G5 Bmln-:-:m, IFP. Canalbo Filho, G Chrstofoleti, LC.
Paschoarelli and F.O. Medola, “The inflnence of axle position and the use
of accessares om the activity of upper limb mwscles dunmg mamial
wheelchair propulsion”, Int T Occup Saf Ergon. 2007 Mar 24:1-3. dei:
101080/ 10803548 2017. 1"943!99 [Epub ahead of print].

[3] F.Q. Medola, PV Dae, Jayme J. Caspall and 5. Sprigle, “Partiioning
kinetic energy in feewhesling wheslchair maneuvers™, [EEE Trans Near
Sys Behab Eng 201422302} 326-333.

[4] F.Q. Medola, F. Pisconti, VMC. Ebd and C.5. Santana, “Tiolor en
individues con lesion de la medula espinal- 1m estadio descriptive”, Rev
Theroam de Fisiof y Kines. 2000; 13: 38-62.

[5] F.O. Medola, CA Formlan BM Puruerio and VMC. i A new
desien for an old concept of wheelchair pushnm”, Disabdl Rehabil: Assist
Tachnol 2012; 7:134-241.

[6] F.Q. Medola, LC. Paschoarelli, DUC. Silva, VM.C. Ehi and CA
Formulan, “Pressure oo hands doring mamaal wheslchair propulsion: a
comparative study of o fypes of handnm™, In- European Seating
Sympesium, 2011, Dublin Furopean Seating Symposnmn 2011. p. 63-
5.

[7] FO. Medola, BM. Purquerio, VMC. Eli and CA Forhilan
“Conceproal project of a sarvo-controlled power-assisted wheelchair”, Inc
2014 5th [EEE RAS & EMBS Intemational Conference on Biomedical
Fobotics and Biemechatronics (BioFaob), 2014, Sao Panle. 5th IEEE
FASEMES Int Conf Biomad Fob Biamach 2004 p. 450.

[8] GG Lahr, FO. Medola, FE Sandnes, V.M C. Ebni and O A Fornalan,
“Servomotor Aszistance in the of Manual Wheslchair
Mobiliry™, Smd Health Technel Inform. 201 7;242:725-792.

[] B. Daveler, B. Salatin, G.G. Grndle . Candiotii, H. Wang and A,
Cooper, “Participatory desizn and validation of mobility enhancemsnt
robotic wheelchai™, T Eshabil Fas Dev. 2015 :2{-&] T30-50. daic
101622 TRRD 2004.11,0278.

[10] GG Grindle, H. Wane, H leanniz, E Teodorski and B4 Cooper,
“Diesizn and user evalation of a wheslchair meunted robotic assisted
mansfer  device”, Bimed Fes It 20151984746 doi
101155200 5108476,

[11] 5D. Alzood F A Cooper. 5.G. Fitzgerald F. Cooper md ML
Bominger, “Effect of a poshrim-activated power-assist wheelchair on the
fimctional capabiities of persons with temaplegia™, Anch Phys Med
Feghah, 3005; B6(3): 380-384.

[12] M5 Mash, D. Eoppens, M. van Haaren, AT, Sherman JP. Lippisit and
JE Lewis, “Power-assisted wheels ease enargy costs and perceprual
responses to wheslchair propulsion in with shoulder pain and
spimal cord injury”, Arch Phys Med Fehab. 2008:89(11r2080-2085.

[13] F.A Cooper, 5.6, Fitzzemld, ML. Boninger, E. Prins, A J. Feenfschler,
I Ama and T.J. O'connor, “Evalnation of a pushnm-activated, power-
assisted wheslchair”, Arwch Phys Med Rishab, 2001; 82(3 T02-T0E.

[14] & Borg, "Psychophysical studies of effort and exertion: some historical,
theoetical d empimcal aspects”, The perception of exerdon i physical
wark Palzrave Macomllan TE. 1986, 3-12.

[15] HL FErebs, GAP. Caurin, L. Bafistells Bshabilitation robotics,
orthatics, and prsthetics for the upper exmamity. In- Teutbook of Meural
Feepair and Behabilitation, 2nd ed , M. Selzer, 5. Clarks, L Cohen, G.
Ewakkel and B Miller, Eds. Cambndze: Cambrndze University Press.
14, p. 7560

[16] 5P Buergerand M. Hogan, “Complementary Stability and Loep Shaping
for Improved Human-Faobot Iteracden”, IEEE Trams. Fobot. 2007,
132332244

[17] PF. Hokayem and M.W. Spong. “Bilateral teleoperation” An hiztorical
survey”, Automatica J006; 42(12:2035-2057.

100



ANEXO 06

Feview

Aspects of Manual Wheelchair Configuration

Affecting Mobility: A Review
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Abstract. Many aspects relating to equipment confisuration affect users’ actions in a manual wheelchair, de-
termining the overall mobility performance. Since the equipment components and confisuration determine both
stability and mobility efficiency, confisuring the wheelchair with the most appropriate set-up for individual users’
needs is a difficult task. Several studies have shown the importance of seat backrest ascembly and the relative posi-
tion of the rear wheels to the user in terms of the kinetics and kinematics of manual propulsion. More recently, new
stwdias have brought to light evidence on the inertial propertiss of different whesalchait confisurations. Further new
stwdies have hizhlizhted the handrim as a key component of wheelchair assembly, since it is the interface through
which the user drives the chair. In light of the new evidence on wheelchair mechanics and propulsion kinetics and
kinematics, this article presents a review of the most important aspects of wheelchair confizuration that affect the

users’ actions and mobility.
Eey words: Wheslchairs, Fshabilitation, Ergonomics

(This article was submitted Jul. 24, 2013, and waz accepred Sep. 1, 2013

INTRODULCTION

The use of 2 manual wheelchair suitable for a user's indi-
vidual characteristics and needs can improve their indepen-
dence, senze of participation and quality of life'*!. Changes
in the wheelchair confignration can affect propulsion forces,
the range of motion (FOM) of the upper limb joints, rolling
resistance and system stability. Ultimately, all these aspects
determine how easy or difficult it is to propel a wheslchair
in everyday mobility. System stability and mobility perfor-
mance are two inter-related variables: improving one has an
impact on the other. Accordingly, healthcare professionals
have to find the best balance between stability and perfor-
mance when prescribing a wheelchair. Consequently, nn-
derstanding how the changes in wheelchair configuration
impact 2 user's work and system stability is important for
minimizing the demand on the upper limbs during maonal
propulsion and optimizing the wser's mohility.

*Comresponding Awthor. Fansto Orsi Medola (E-mail: fasto.
medolaia fasc unesp br)

2004 The Society of Physical Therapy Science. Published by IPEC Inc
This is an open-access articks distributed under the terms of the Cre-
ative Commons Artribution Non-Commercial No Derivatives (by-me-
nd)) License <httpo/creativecommons. org/ licenses by-no-nd 3.0,

Although a widely used assistive technology device, the
whealchair has been cited by many users as the main factor
limiting their community participation®. Indeed, the daily
distance traveled and the average speed of wheelchair users
are siznificantly lower than those of individoals without dis-
abilities™ . Although quantifying the specific contribution
of the equipment to this limited mobility is not possible, it is
reasonable to state that the wheelchair design and mechan-
ics play an important role in it. Furthermore, the distance
traveled should not be thonght of as the only variable repre-
senting daily mobility, since it does not reflect how people
move but only how far people go. However, it does illnstrate
the existing gap between walking and whealchair mobility.

Manunal wheelchair propulsion exposes the upper limbs
to 2 harmful combination of load and repetition, result-
ing in & high prevalence of shoulder abnormalities among
whealchair users'™ '?, Since wheelchair users rely on their
upper limbs for most daily activities, the presence of pain
and injuries limits their mobility, independence and quality
of life'®. Therefore, minimizing mechanical loads during
manual propulsion and optimizing mobility efficiency must
be addressed by researchers, manufacturers and clinicians
in an attempt to improve overall mobility. In this context,
the appropriate prescription is important in the provision of
the most suitable equipment for a users need: and expec-
tations. Somewhsat surprisingly, a recent study found that
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Fig. 1. Wheelchair confizuration: factors that affect
manual mobility

&8% of the evaluated wheelchairs were not suitable for their
users, and this may be interprated as a result of prescription
errors'¥.

Many studies have investizated how different wheel-
chair configurations impact the biomechanics of mannal
propulsion. Seat angle and dimensions, rear wheels’ verti-
cal and horizontal position, and wheel size and camber have
been shown to affect propulsion efficiency and wheslchair
drivability!*-*3 In an effort to preserve upper limb fonc-
ton among wheelchair users, the Paralyzed Veterans of
America Consortium of Spinal Cord Medicine™ provided
some guidelines for prescribing and adjusting a wheslchair
in order to reduce the risk of developing injuries in to the
upper extremities. However, recent studies have brought to
light new evidence on the role of wheelchair configuration
in wheelchair mechanics®® 260,

This review paper discusses the evidence on the aspects
of wheelchair confizuration affecting users” work and mo-
bility. The review covers the most relevant aspects of the
interaction between wheelchairs and users, updating cur-
rent knowledge on wheelchair mobility with valuable in-
formation about research, development and innovation on
wheeled mobility. Ultimately, clinicizans, mamfacturers
and nsers may benefit from this study when prescribing,
desizning and selecting a wheelchair that provides the best
mobility performance, comfort and functionzlity for the
WSET.

WHEELCHAIE COMPONENTS AND
CONFIGURATION

The most common aspects of wheelchair components
and configuration indicated as afecting manmnal mobility
are those related to the geometry of the system assembly, as
shownin Figs. | and 2. In other words, the relative position
of each component related to the others, and to the unser,
determines wheslchair machamnics, stability and the biome-
chanics of manual propulsion. The evidence related to each
of thesa aspects affecting wheelchair mobility are presented
and discussed bealow.

B

Fig. 1. Fear wheel camber (front view)

BACKREST HEIGHT

The backrest confizuration influences the tunk support
and upper limbs’ FOM. These aspects are counterposed
when ome considers the two extreme situations: while a
higher backrest provides greater support, it limits shoalder
extension, which is particularly undesirable, since it is nec-
essary to pesteriorly grip the handrims of the wheel when
starting to push a wheelchair. On the other hand, lower
backrests allow the upper limbs to move freely, but back
support and postertor stability are limited. Based on our
clinical experience, most lightweight maonal wheelchairs
have backrests with a standard height of 400 mm.

A study by Vang et al*™ found that a lower backrest
(200 mm, wversus the highest 406 mm) allowed greater
shoulder BOM and greater push angle and push time, thus
reducing push frequency. However, backrest height did not
significantly affect the forces applied to the handrim Ac-
cording to Cherubini and Melchiorri'®, nsers with impaired
trunk control would benefit from hizher backrests, which
should be positionsd 20 mm below the scapulas inferior
angle. Those with intact trunk control should use lower
backrests, taking the top of the lumbar spine as a reference.
Since the seat confizuration depends on the user’s physical
characteristics, the use of anatomical references seems to
e the most appropriate approach, with the backrest height
ranging from 200 mm to 4068 mm, as proposad by Yang et
al.

SEAT AND BACKEREST ANGLE

Raclining the seat angle is a common procedure used to
improve a nser's sitting balance and functional reach, but
it also affects the biomechanics of mamnal propulsion. The
nse of straight seat angles is related to the developmen: of
shoulder pain®®. However, in terms of propulsion efficien-
cy, the optimal seat inclination is still not known. Desroches
et al.? showed that altering the seat angle (0%, 5° and 10%)
and backrest angle (95°, 100" and 1057) did not infiluence the
shoulder loads during mannal propulsion by elderly wheel-
chair nsers.

The pressure on the seat interface is also an important
concern for therapists when confisuring the seat and back-
rest angles. The study by Park and Tang®™ did not report
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Fig. 3. Elbow angle (o) as a reference for the op-
timal vertical position of the rear wheels

definitive findings supporting the hypothesis that a reclined
backrest (with an angle wider than 90° in relation to the
horizontal line) reduces the pressure on the seat interface.
Although a reduction in the pressure on the ischial tuberos-
ity was found, there was an increase in the peak pressure on
the sacrococcygeal region. Furthermore, the study of Mau-
rer and Sprigle®™ found no indication that increasing seat
angle implies in increased seat interface pressure. Their re-
sults showed that less pressure was concentrated under the
ischial tuberoszities with increasing seat inclinstion, which
seems to load slightly more body weizht under the thighs
and away from the ishcial tuberosities.

ANTERIOE-POSTEREIORE AXLE POSITION OF
THE EEAE WHEELS

The anterior—posterior position of the rear wheels influ-
ences two important aspects of wheelchair mobility: stabil-
ity and mapual propulsion. While positioning the wheels
rearward improves stability, it limits the user’s ability to
reach the handrims in this rearward poesition, thus reducing
the push angle. Alternatively, moving the wheels forward
improves propulsion biomechanics but reduces stability.
The optimal position of the rear wheels is a client-depen-
dent decision, based on the user's perception of stability and
ease of chair propulsion. However, thera are some objective
euidalines to support this decision. The rear wheels should
be positioned in the meost forward position that does not
compromise system stability ™! Gorce and Lounis'® showed
that, when moving the rear wheels forward, push angle and
shoulder F.OM are increased, thus reducing both push fre-
gquency and handrim forces, minimizing the risk of upper
limb injuries™. In addition to the biomachanical benefits,
moving the rear wheels forward diminishes the wheelchair
length and, as a result, facilitates tarning maneuvers by re-
ducing the rotational inertia of the system™*.

VERTICAL POSITION OF THE REAR WHEELS
The vertical distance between the rear wheels and the

seat greatly influences the biomechanics of manual pro-
pulsion. Having a lower seat benefits manual propulsion
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because it results in increased push angle. However, it re-
sults in increazed upper limbs” ROM, which is potentially
harmful if physielogical limits are exceaded®™. On the other
hand, when the user is too high above the wheels (ie ina
higher seaf), he/she can only push the handrims over a short
distance (small push angle), and to maintain the deszired
spead, the nser has to increase push frequency™ which
mav lead to mmscular fatigue®. The relation between seat
height, push angle and push frequency has been investigat-
ed by Richter et 2l 3 and Wei et a1

The optimal seat height is determined by the elbow angls
when the user holds the handrim at ifs top position (Fig.
3). Previous smdies have shown that elbow angles rang-
ing from 100® to 1207 are related to improved propulsion
efficiency and lower energy expenditure™ ., Lower seat
heights (elbow angles ranging from 80° to 907) have been
shown to be less efficient in terms of handrim forces and
cardierespiratory parameters’’). Therafore, in order to pre-
serve upper limb function, it is recommended to set up the
chair with the seat positioned at such a height that the elbow
angle ranges from 100° o 120423

CAMBER OF THE REAR WHEELS

Stability iz enhanced with wheel camber, especially
when moving over lateral slopes. In addition, the hands are
better protected against trauma because the wheels touch
the flpor spanning & wider area than the hands have in con-
tact with the handrims. Maneuverability is also enhanced
by wheel camber, which facilitates furning maneuwvers.

Previous stndies have mvestigated the effects of wheel
camber on propulsion biomechanics. Camber angles wider
than 15° increase the elbow FOM, reduce wrist radial de-
viation and increase wrist ulnar deviation'”. The changes
in wrist kinematics are a consequence of the contact and re-
lease positions of the handrim happening in a more forward
position. Camber angles ranging from 0% to 9° have been
shown not te affect the cardiopulmonary parameters of
manual propulsion®”. In addition, the average accelaration
of the wheelchair is greater with 15° of camber, compared to
cambers ranging from 0° to 9% This finding is ralated to
the increased rolling resistance zenerated by angles zreater
than 9°, which require the user to increase angular accelera-
tion in an effort to maintsin the average velocity*! Roll-
ing resistance is reduced by cambers up to 9°, compared
o wheels with no camber*®. Perdios et al.*" indicate that
§° is the optimal angle for rear wheel camber, in terms of
lateral stability in inclined planes, comfort during handrim
propulsion, maneaverability and the general preferences of
manual wheslchair users. However, rear wheel camber in-
creases the system's overall width, which may lead to prob-
lems when moving in tight spaces.

FRAME MATERIAL

The frame mass plays an important role in the mechan-
ics of 3 manual wheelchair Tltra-light chairs are most ap-
propriate for those users who have an active lifestyle, since
the reduced mass helps with the preservation of upper limb
function by reducing the handrim forces during mannal pro-
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pulsion ™ Aluminum is widely used in wheelchzirs, since it
has a better strength-to-weight ratio than steel and does not
require special manufacturing techniques*?. More recently,
ttaninm and carbon fiber have been nsed to make wheel-
chair frames. Titanium has advanced properties in terms
of absorbing shocks and vibration, and a better strength-to-
weight ratio than aluminum*¥ Similarly, carbon fiber has
an improved strength-to-weight ratio, and the fibers can be
molded in 2 way that increases the strength in one direction
while increasing flexibility in another direction. However,
both titanium and carbon fiber are significantly more ax-
pensive than alnminum, and they also reguire specialized
manufacturing techniques*.

FEAME DESIGN

Currently, two types of frame design are commercial-
Iy available: folding and rigid frames. When selecting the
frame type, one should consider the user's functional and
physical features and lifestyle. For a less active user, wheel-
chairs with folding frames may be the best choice, since
they are, in general, larger and therefore more stable, and
allow disassembly of components that may facilitate trans-
portation. Moreover, Lin et al ** showed that folding-frame
wheelchairs are more stable in the forward direction, and
they suggested that this may be a consequence of the foot-
rest position being more forward in folding chairs than in
rigid-frame wheelchairs. Figid frames, in turn, are gener-
ally lighter and provide improved mobility performance,
bt stability is affected.

WHEEL TYFE

The desizn of the rear wheels plays an important rele in
the system’s mass and wibration transmission. From a me-
chanical standpoint, heavier wheals make it hardar to start
moving from & standing position; lighter wheels allow nsers
to accelarate faster™’. Furthermore, because the rear wheels
are located on the outer side of the chair, the mass greatly
influsnces the rotational inertia of the system** Although
users have reported improved comfort in mamaal propul-
sion with lighter wheels, Hughes et al **! found no influence
of the wheals” weight on energy expenditure during manual
propulsion using two pairs of wheels differing by 0.6 kg.

Traditionally, rear wheels have been produced in either
plastic ot steel. More recently, carbon fiber has been nsed to
produce lighter wheels. In addition to weight reduction, car-
bon fiber wheels minimize the transmission of vibration to
the nser’s body**, which is highly beneficial since vibration
may canse discomfort, nsuses, dizziness, fatigue and even

exacerbate muscular hypertonicity and pain®*.

TIRETYFE

When selecting rear wheel tires, two options are avail-
able: ppeumatic and solid tires. Pneumatic tires provide
good impact and vibration sbsorption, thus improving us-
ers’ comfort*). Solid tires, however, are stll commonly
used because they require almost o maintenance. and pose
oo risk of emptyving due to punctures ™),

An important aspect of the tire type affecting wheslchair
mobility is the force oppoesing the movement of the tire roll-
ing on 8 surface. This force, known as rolling resistance, is
dependent on the tire design, materia]l composition, mass of
the tires, and interactions with the surface. Pneumatic tires
have been shown to significantly reduce rolling resistance
compared to solid tires®), and this facilitates manual pro-
pulsion by keeping the wheels rolling for a longer distance
until another push is need, thus contributing to mobility ef-
ficiency.

CASTEE WHEELS

Caster wheels are important components of the system,
influencing the system’s stability, rolling resistance, maneu-
verability and users’ comfort. Similar to the rear wheels,
poeumsatic and solid caster wheels are commercially avail-
zhle. Although posumatic wheels have been chown to re-
duce rolling resistance, they do require exfra attenfion re-
garding pressure control and maintenance. Therefore, solid
casters are still the most commonly nsed type of caster in
manual wheelchairs.

Caster wheels and stem assembly can influence a wheel-
chair in motion in many aspects. First, the dismeter of the
caster wheels affects rolling resistance: smaller wheels in-
crease rolling resistance, thus requiring the user to push
harder to maintain an average velocity. The position of
the caster assembly in the wheelchair geometry is also an
important aspect of wheelchair mechanics. The shorter
the distance between the rear wheel and caster, the lower
the rolling resistance due to the increased weight upon the
rear wheels**" Furthermore, more mass is located near the
center of the system and, therefore, rotational inertia is re-
duced, making turning maneuvers easier. However, this
requires reduced wheelchair length, which may have an im-
pact on system stability.

Finally, the transmission of shock and vibration is an im-
portant aspect of the casters” size and composition. Smaller
casters with solid tires have limited shock and vibration ab-
sorption and, therefore, the wser’s comfort is affected. In
an effort to reduce vibration and improve user's comfort,
damping materials may be nsad inside the casters’ stem**.
Similarly, the use of suspension in the casters’ assembly is
an efficient way of reducing vibration transmission to the

uzer*”,
LEGANDFOOT SUFFOET

The consequences of inapproprizte positioning of the leg
and feot support are falt in relation to the pressure oo the
seat interface, the user's comfort and stability, maneuver-
ahility, and the mechanical parameters of the wheelchair.
When the foot support is too low, the pressure on the seat
interface tends fo increase, since the weight of the legs and
faet pushes the thizhs down, compressing them against the
seat. Because the feet are not properly supported, gravity
makes the ankles bend down, facilitating the shortening of
the calf mmscles. In addition, without proper anterior sup-
port for the feet, reaching forward becomes an unstable and
dangerous task*®. In turn, when the foot support is too high,
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the thizhs are not completely supported by the seat, which
may increase the pressure on the buttocks.

The horizontal distance between the leg and foot sup-
port aod the rear wheels determines mass distribution and
the owverall length of the wheelchair and, in conseguence,
the inertia of the system. The variables directly affected by
the positioning of the leg and foot support are the system’s
center of mass, stability, rolling resistance and moment of
inertia, with all these variables influencing wheelchair sta-
bility and maneuverability® 260

The angle of the knee: can be nsad as a reference for po-
sitioning of the foot support. In generzl, the foot support is
positionad in such a way that the angle of the knees rangas
from 207 to 12049 MacPhee et al 2 investigatad the effect
of two extreme angles of the knees — totally extended {I7)
and totally flexed (120°) — on the mechanics of the whesl-
chair. When the knses were totally flexed, the wheelchair
lenzth was reduced by 39%, the center of mass moved
backwards 38% and rolling rasistance was reduced by 21%.
MacPhee et al *°) sugpasted that the rolling resistance is re-
duced by the center of mass being moved backwards, which
increases the mass upon the rear wheels, thereby reducing
the mas:s upon the casters. Furthermore, the moment of in-
ertiz of the system was reduced by 42% when the kness
were totally flexed This is a relevant finding, since the mo-
ment of insrtia directly infinences wheelchair maneuver-
ability. Indeed, the angular velocity increases by 40% when
mroing on its own axis (e 2 zero rading turn), and sabjects
found it easier to turn the wheelchair with their knees to-
tally flexed.

HANDEIM DESIGN

As the interface through which the user drives mannal
wheelchairs, the handrims play an important rele in terms
of both the comfort and efficiency of mamnal propulsion.
In the majority of mannal wheelchairs, the handrims are
two metallic round fubes of 20 mm diameter, located on
the outer side of the wheels. The small size of conventional
hapdrims leads to two main problems: increased prassure
on the areas of the hands” surface where contact with the
handrim occurs; and reduced mechanical efficiency due to
inability to hold the handrim with the entire hand, which re-
quires additional muscle contraction to stabilize the hands
oo the rim™. Wot surprizingly, many wheelchair users hold
the handrim and tire simmltaneously when propelling the
wheelchair*!

Previous sindies have proposed different handrim de-
signs in order to optimize propulsion comfort and effi-
ciency. Van der Linden et al.*® found that handrims with a
graater fubs dizmeter showed greater efficiency and lower
physiological costs. Improvements in upper limb symptoms
were found with the nse of the MNatural-Fit (Three Fivers
Holdings, Masa, AZ, TUSA), a commercially available prod-
uct designed to provide an improved fit to the hand and re-
lieve strazs on the carpal mnnel®™ Bichrer et al *¥ found
reduced finger and wrist flexor activity during mamual pro-
pulsion with the use of a flexible handrim, a metallic mbe
connected to the wheels through 2 flexible robber mem-
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brame that reduces peak forces during initial contact. In a
recent stndy, wheelchair users reported improved comfort
and maneuverability with an ergonomic handrim that of-
fers an increased surface for hand contact based on nman
anthropometric features™!

CONCLUSION

Improving the mobility efficiency of wheelchair nsers
has been 2 challenging zoal for ressarchars and profession-
als. Mannal wheelchair mobility is affected by factors that
are intrinsically related to wheelchair desizn and confizu-
ration. This paper collated the evidence on how different
confirnration: influence the extent to which the wheelchair
meets the needs of users. By changing the wheslchair con-
fizuration, it is possible to optimize the biomechanics of
manual propulsion, system stability, pressure on the seat in-
terface and the wser's perception of comfiort and wheelchair
drivability. However, manual propulsion is stll very de-
manding on nsers and much less efficient than normal gait.
Further stndies should investizate how wheelchair configu-
ration affects the biomechanics of mannal propulsion dur-
ing differsnt mapeuvers, trajectories and sitnations most
reprasantative of mobility in daily life. This knowledge may
help both mamnfactorers and clinicians when designing and
prescribing wheelchairs that are more appropriate to users’
functional feamres, needs and expectations, thus benefiting
nsers’ social participation, independence and quality of life.
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Partitioning Kinetic Energy During Freewheeling

Wheelchair Maneuvers
Fausto 0. Medola, Phuc V. Dao, Javme J. Caspall, and Stephen Spngle

Absraer—This paper describes a systematic method to parti-
tion the kinetic energy (KE) of a free-wheeling wheelchair. An ul-
tralichiweizht rigid frame wheelchair was instrumented with two
arle-monnted encoders and data acquisition equipment to acoo-
rately measure the velocity of the drive wheels. A mathematical
madel was created combining phpsical specifications and peometry
of the wheelchair apd it components. Two able-bodied sobjects
propelled the wheelchair over fomr conrses that invebved siraizht
and torning manenvers at differing speeds. The KE of the wheel-
chair was divided into three components: translational rofational,
and forning energy. This technigue was sensitive to the changing
contribotions of the three energy components across MALEEVETs.
Tramslational emergy represented the major component of total EE
in all mapenvers except a zero radins turn in which torning enersy
was dominant. Both tramnslational and rotational energies are di-
rectly related to wheelchair speed. Partitioning EE offers a wseful
means of mvestigating the dypamics of 3 moving wheelchair. The
described technique permits amalysis of KE mparted to the wheel-
chair doring manenvers involving changes i speed and direction,
which are most representative of mobility in evervday bfe. Thiz
techmique can be wsed to study the effort required to manewver
different tvpes and configurations of wheelchairs.

Index Terms—Rimetics, mobility, rehabilitation, wheelchair
propulson, wheelchairs.

I INTRODUCTION

\ AMNUAL wheelchairs provide independsnt mobility for
1 people with dizsbilities. However, wheelchairs have
been identified as limiting community pardcipadon [1]. A
munber of factors influence the extent to which manual whes]-
chairs meet the needs of individual nsers mclnding the effort
required to maneuver the wheelchair Previous smdies have ad-
dreszad the efficiency of handrim propulsion, the most common
means of wheelchair locomotion. Time to perform lecomotive
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activities [2], effective handrim forces [3], [4]. and metabolic
cost have been nsed to detenmine efficiency of mamal propul-
sipn [5]. [9]. From a mechanical design standpoint, the effort
required to propel is dependent on wheelchair desizm and
confisnration and how these parameters impact wheelchair
propulsion. Investigating the kinetics of the wheelchair during
freewhesling manswvers is, therafore, important to understand
machanical efficiency and performance. This knowledge may
zerve 35 pudance for wheelchair nsers, clinictans, and mamm-
facmrers when selecting or developing wheelchairs that meet
the needs and expectations of wsers.

Mansuvering 3 manual wheelchair requires applying forces
on the handrims: in a repetiive motion that, in long tenm, may
camse upper limb overmse injures, impacting independence
and quality of life. Several studies have shown high prevalence
of upper limb inures among manuwal wheelchair nsers [7],
[E], and the importance of mmscular strength and endurance,
proper omechanics, and the nse of suitable wheslchairs have
been highlighted as important faciors affecting mobility per-
formance [9]-[11]. Whils most wheelchair propulsion research
has focused on user biomechanics, litde is known abont how
the mechanical characteristics of the equipment influence the
dymamics of the enfire system comprised of the nser and the
chair. Furthermore, manual wheslchair mobility in real life
has been shown to be composad of relatively short bouts of
mobility [12]. Smdying wheelchair mobility in 4 manner that
reflects daily wheslng 1= therefors important to understand the
meachanical interaction between the equipment and wser,

The overall propulsion efficiency of 3 wheelchair is hased on
A combimation of factors, both omechamical and mechamical.
Most research has focused on the biomechamical factors of
propulsion, nsing physiological, kinstic, and kinematic varni-
ables. Previons stadies have shown the impact of changing
wheelchair confimurations on the kinematics of handrim nsage
[13], muscle activity [14], [15], velocity and acceleratdon [14],
forces applied on the handrim [17]-[19]. In addition, surface
type [17], [20], tire type [21], tre inflation [223], and fore-aft
distribution of the total mass [23] have been identified a: factors
influencing rolling resistance, and therefore, mcreased effort
in propulsion. Only few of these studies [16], [17], [19], [23]
used over ground motion rather than stationsry propulsion, i.e.,
treadmill or roller systemn. Sadies incorporating fee-wheeling
whesalchair movement are more representative of propulsion in
real lifs, but these free-wheeling smdies have been limited to
straight maneavers.

From a mechanical perspective, two factors greatly influence
mannal wheelchair movement: friction and mertia. These fac-
tors are manifested as rolling resistance, beanng friction, overall

15344310 ¢ 2013 IEEE. Pemnomal mie is parmitted, but mpublicaticoredistritmticn requines IEEE parmission.
See tip:wram dees.org publicatioms_standards publicatioms ‘rghtsindex hine] for mors information.
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system [chair 4+ occupant) mass and mass distribution, smong
others. Wheelchair dynamic: during fypical everyday wheel-
chair motion are mflvenced by inertia changes dunng starting,
stopping and umning. Smdies limited to straight manenvers, es-
pecially during steady state velocify, are not able to discem the
accelerations due to changes in speed and direction. Measunng
the kinetic energy (EE) during more repressntative MAnsuvers
will provide a fuller understanding of wheslchair dynamics.

A few smdies have described energy measurement during
over zroumd wheelchair mobility, Couns [24]) mwvestigated
the dynamics of 8 moving wheelchair, describing wheelchair
propulsion in terms of acceleration, drag force, propulsion
power and work, as 3 function of whesls” rotation and wheel-
chair inertial propertes. Guo ef al, [25] invesdgated the energy
of the musoaloskaletal system and power HSow over the upper
limb segments bazed on a kinematic model of mannal propul-
sion. The study of De Saint Femy and Vaslin [26] showed
the EE vaniations during staizhtforward displacement, with
a methed combining the messurement of the acceleration and
the breaking force. Supporting this finding, a recent sudy con-
firmed that the nser’s mechanical actions durimg the propulsion
cycle modify both the rolling resistance and the stability of the
wheelchair [27]. Although these smdies increased the knowl-
edge on the dymamics of 2 moving wheelchair, their analyseas
were restricted fo straightforward displacements. Therefore,
measuring EE of wheelchairs moving throngh difersnt trajec-
tories, a3 happens in real lifs, has not vet been described.

The objective of this study was to develop a systematic
methed to measare, calonlats and analyze the EE a: the
outpat of wheelchair movement This technique iz capable
of partitioning the EE of a wheelchair during a free rolling
state, including accelerating and braking in either straight or
mning motion. The ability o measure and panition EE of
a free-wheeling wheelchair will permit the objective com-
parison of different types and configurations of wheelchairs
ovar a varety of manewvers that represent real world mobility.
Objective comparisons of performance would be nsefinl for
both clinicians and wheslchair nsers during the wheelchsir
evalnation and selsction process.

O METHODS

A Design Criteria

In order fo achieve a usable and sensitive technigue, sevaral
desipn criteria were defined: 1) the measurement equipment
should be compatble with mest commercially svailable
wheelchairs; ) data collection must permit EE messure-
ment during freewhesling manewvers thst include changes
in speed and directon; 3) the equipment should not impact
wheelchair propulsion and have minimsal influence on owerall
system mass and meria Performance considerations included
the ability to determune: 1) the EE of the whole system
-:'u.']'n'"r"lil,ir + equipm |::nl;.}: ) the energy of each nzid body
in the wheelchair assembly; 3) the EE components hased on
the trajectory. Plotted as a fmction of time, the EE at a certain
tine should reflect the mechanical featares of the wheelchair
moVIng oVeT 8 Certain frajectory at & certain speed.

7

Fig. . Schematic of whealcheir fornse in deriving wheelchair kinsmatics over
ground

B. Thearetical Approach

In essence, the wheelchair can be viewed as an assembly of
seven npid bodies: frame, left and rght drive wheels, left and
right caster forks, and left and right caster wheels. The total en-
ergy of 3 wheelchair in motion is comprised of the sum of the
kinetic and potental energy of all these components. Howevar,
potental energy effects can be neglected when the motion is on.
flat pround A kinematic description of the wheelchair in mo-
tdon iz the first step in the KE partitoning approach. Maneu-
vering the wheelchair over ground, or freewheeling, requires
force mput to both drive wheels Characterizing the motion of
the drive wheels during freswheeling enables the determination
of all other kinematic variables, except for caster orentation in
some spectal cases, These kinsmatic vartables include the fol-
lowing.

1 Welocity of the wheelchair at the center of mass.

TP Yaw rotation rate of chair,

Wiy, YW rotation rates of the left and right castess
relative to frame.

,;',:_:1.."“” Left and right drive wheel spin rate.

the oo e L8ft 2nd right caster spin rate.

The theoretical appreach to determine the aforementionsd
kinematic varables is as follows. By measuring the dowve
wheel:’ rotation rates, the mning radins, velocity of the center
of mass as well as the yaw rotafion rate of the chair can be
determined, assuming the wheelchair rolls without slipping.
The mechanical modsl of the wheelchair with all pertinent kine-
matic varizhles and chair parameters used in the demvation are
shown mm Fig. 1. This model assames zero rear wheel camber
to simplify the analysis. The origin is placed at the midpoint of
the rear axle with the =, y, and z-axis representing roll, pitch,
and yaw, respectvely. Bear whesls spacing is denoted as s,
front wheels spacing as p, caster trad as b, and distance of
caster stem forward of rear axle is . The model also assumes
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left-right symunetry in the chair such that the center of gravity
(i3] is located at the midline, forward from the rear axle at a
distance, .

The vaw rotation rate of the chair 4, ., is dependent on the
drive wheels’ rotation rates, and that dependence is expressed
as

[i::'l-el:--"ul:- = PLoT, 1]
" .

I {1)

The velocity of the O is based upon twio parameters as
shom i (2): the velocity of the origin which is based upon
the rotation rates and dismeters of the drive whesls, and the
product of the frame’s yaw rate and the distance between the
origin and C&

E - 2
[$#RoTRD + fLDTLD)
2

Ty = s .\'II r:-|.|||l:"_2' {2}

Similar application of the kinematics equation for rigid
bodies would yield a reladon betwesn the known wvelocity of
the origin (), 1o the velocities of the left and right casters. As-
suming the casters roll without slipping, dividing the velocities
by their respective radii yield the left and right caster rotation
rates, (3) and (4), where Vj; is the velocity of the onigin given
as the first parameter in (2)

; V; L P—

dLo =illl.':lhﬂ_r;—ﬁ{gl:uhﬂuu—dhiuﬂhL) {3)
L TR =

! Vr 1|l'.‘rm.—.- ¥ n

R = ;l"n.:'l: cas EH{‘; —_ (% l'.'\L'ElE'"r" — dHEn !llud";.l] ' {-1':'

Caster yaw rate: were derived based on geomemrical relations
present during tuming . When the wheslchair turms, every point
in the wheelchair follews a curvilinear path which, at aoy mo-
meant in fime, can be fitted to a circle. This circle has a center
located at point ¥ m Fiz. 1 and a turming radius measured o
the point of interest. The following radii were derived: distances
from fi to left and night caster sterns, ropom p 30d Farom 5, TESPEC-
fwely, distances from R to left and right caster centars, » and

q 1y 2 _

Faems, =/ + (L +5 ~ 5 ) )
f E] a2

Fotemnit = l|i|I "'l:? + L+ E o %) {ﬁ}

n= 1|IIIIITEI.|:|n L~ B {T}

m = 1lllll1l:ll.u||'..'i - b {E}

Caster angle relative to the Same and caster vaw rotation
rates via derivative, can be determined from geomemy when
the wheelchair moves in either forward or reverss directiomns.
The presence of the caster frail complicates the calmlaton of
caster swivel when the chair switches from forward to reverse
motion. To circumyvent this limitation, we further constrain the
freewhesling moton to avord caster reversal It then follows that
the angles the casters make relative to the wheelchair frams can
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be computed using () and {10, where - and ¥p correspond
to left and rght caster angle relative to the frame

L+ 2 E e I:-'I— £
il o= nd #“ —ong ¢ M‘I
Fatemi :lilll-\.l.l-llln'.Tl'-
o)
[L+2-E e L
S = ooa ™ I E:| —ppg ! |gtemb +m ] .
Fataan i illl-:-'.lr::lJ'lf UL
(10
. Differentiation of the caster angle equations yield '-jJ.,._- and
LT
B0 = ool (1
L i Ly
: a
T = —(Fpe ] 1Z
no = (fpe) (12)

The EE of the wheelchair in freewhesling on flat ground is
the surnmstion of the KE of its parts (13), which 1=

. 1 - 1 .
KE ;fr!-“.,_'!:g: I ;F-?z.l :-IILI:rru:.l- t ;'r:l"l"'.l..lll'ﬁT_L':
] 1 : i )
+ 5fk'|.l|’ll¢'?||;| —EL vLo$To + E_,l'.',..I Redhc
1 s 1 o
b olzzirc¥ic + ;-’xx rrac Ve (13
Thays MMazs of the whole chair.
i Yaw moment of inerta of the

wheelchair about its center of mass.

Moment of inertiz of the left and right
drive wheels abowt their axles.

Moment of inertiz of the left and right
caster wheals about their axlas.

Yaw moment of ineriia of the left and
right caster forks about their sterns.

Dring freewheeling motion, the EE terms i (1) can be par-
titioned into three broad categories of energy. ranslational KE,
rotational KE and muming EKE Translational energy, the first
term in (1), represents the energy of linear motion. Fotational
energy represents the enargy of all four wheel: spinning on their
axes and is caloulated by the sum of the four tenmes using drive
and caster wheel velocities. Finally, tuming energy is embodied
by the terms contsining the yvaw rate ¥, which includes the vaw
rate of the whole chair and the caster fork assembly.

In addition to the kinematic variahles, the necessary parame-
ters to estimate the KE of the wheelchair in freewheeling are the
mass and the moments of inertia If is understood that the move-
meant of masses m A system changes the moments of mertia.
The wheelchair in motion invarizbly has nonconstant I.E;.?.-.rn-
becanse of the swivel of the casters. Bacanse it is impractical 1o
know exactly how [%,  changes over time, our analysis as-
sumes one value of /5, | that is representative of a chair with
casters facing forward such as when moving forward.

Mvvin fvyven
-rl"'r'll I:_::-i"l b |

lzzirLe fzznene
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Both mass and its distribation affect how the energy is part-
tioned from a systems standpoint. Clearly, ensrgy components
containing the chair mass and chair yaw moment of insrtia dom-
inste the remaining terms becanse they are measured af the sys-
tems level as opposed to the component level. However, the ro-
tational energy terms become more mportant st hizh speeds or
high rotation rates even with their relatively small moments of
ineraa Becsuse of the inferplay between mass and mass distr-
boticn (moment of inertia) and their varable influences across
different speeds, it is logical to measre wheelchsir snergy nsing
msnenvers that hishlizht different energy components. Manen-
vers that require changes in speed and direction will be abls to
raflect the varying influences of each type of enarzy.
Algowithm

Whesalchair kinematic anzlysis begin: with measuring the
rotaton of both drive wheels. The anpular velocides of the
wheels were then computed using a finite difference derivative
of the two-wheel romation data. Whee] angular velocities ware
low-pass filtered using a second-order Burterworth filter at
2-Hz out-off frequency. Using publiched data on daily wheel-
chair usage we defined 2 m's as an acceptable speed duning
wheelchair maneuvers [12]. This comesponds to 1 Hz (1 whesl
rotation per second), hence the 2-Hz cot-off frequency. Logi-
cally, it then follows that other kinematic varables disonssed
in the theoretical analysis are computed using rigid body kine-
matic relationships. These kinematic vartables together with
inerfia parameters feed into the system EE formmlstion. The
formmlation zives the tofal energy of the wheelchair m fee-
wheeling which can be parfiioned into translational, rotationsl

. Falidation

1) Hardhware: The Tilite Aero Z ultra lighmweight wheel-
chair (0005 class) was used for all the tests. The unleaded chair
waighed 12.1 kg and was configured with spoke wheels, pnen-
matic tires, and side guards and no other accessories such as
armrasts or anfi-ap bars. Inettial parameters of the wheelchair
and it components were measured by two separate devices. Fo-
tational inertiz measurements of the drive wheels, caster wheels,
and caster forks were taken nsing & system based on the estab-
liched Trifilar Pendulum [28], [29], which measures the rota-
tional inerta based on the mass and the Sequency of oscilla-
tion. To do so, each wheelchair component was positioned in
the centar of 3 flat wisngular plate that was suspended by three
Wires om its vertices. The plate was then mamalty romated and a
camera (Canon Powershot 55 IS, Canon, Oita, Japan) that is ca-
pable of high speed video recording (60 fps) recorded fifty com-
plete cycles which was then used to determine the frequency
of oscillation The rotational inerda of the entire wheslchsir
was measured by a device designed for this parpose, the a-
ching It comsists of a platform supported by load cells on 2
spring-damped rotational axle. A complete description of the
system and its validation ware reported elsewhare [30].

In order to obtam acourate measursments of wheel velocifies,
two high-precision M-260 opacal encoders (Encoder Products
Ci_, Sandpoint, ID, TTSA) wers mounted on each dnve wheel
Fig. 1. The encoders were connected to the LabJack U4 (Lab-

a9

[l

Fig. 2. Datz acquisitico compozsats: (3] sids wiew showing axle-mounsd wn-

codems;, (&) mar visw showing processizng and storage unit (Labjack and Tablet).

jack Corp., Lakewood, 0, TUSA) data acquisifion device, po-
sittoned on 3 plastic plate nnder the seat, located at the wheel-
chair’s center of mass. A Qla tablet (Samsung, Samsung Town,
Seonl, South Korea) served as storage for all dam collected from
the encoders and provided power for the Labjack. The mstoo-
mentation of the wheelchair was confipured to minimize infin-
ence of the system's mass and imettia. This data acquisition hard-
ware added 186 kg to the wheelchair's mass and increasad its
rotational ineriia by 5.0%

2y Paricipants and Protocel: To validate the analysis
method over different conditions of wheelchair mobility, two
sble-bodied volunfeers (male, ages 30 and 17), experenced
in propelling whealchairs, propelled throngh differant ma-
newvers. The methods used im this study were reviewsd snd
approved by the Georgia Instimte of Technology's Institutional
Feview Board Four manewvers were defined to assess the
methodoloy’s sensitivity in distingmishing different types of
energy within movemnsnts comprised of translation. mrming snd
changzes in spead The four manewvers ware as follows.

a) Streght Run: Starting fromn rest the subject accelerated

A straight lime as: fast as possible reaching maximnm speed
nsing six consecntve pushes within 15 m.
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Fig 3. Slalom course: cones positicned at progressively decreasing distmoes
apart.

TABIF I
AVERAGE COMPOMENT AND ToTal EE OVER DIFFERENT COUTRSES
Translational  Rotational  Turning  Total
KE KE KE KE
Avp () Avg () Avg(h) Avg
(% of Total % of (%% of (n
KE} Todal KE}  Tedal KE}
Strwight 343 b.1% i 3412
Muotion (84,220 {15.76%) (0.03%)
Faera -
- 1.23 093 5.23
Radims [ Ty R 145
Turn [16.5T%) (13.24%) (T 20% |
e 4 _
Radius lsllqﬂfl!-w [|£.IEH"JI':°\'\:|_I -:2“51::.:-: 1T
Turn T o '
Slalm 1145 2.27 0,92 1464
Caourse [TH15%) (15.449%) 6. 28%) :

B Zero Radius Turm: Starting from rest the subject per-
formed a 3607 torm by rotating the drive wheels in the opposite
direcfions as fast as possible.

¢) Finite Radius Tem: Starting from rest the subject pro-
pelled completely stonnd a 2-m-radims circle as fast as possible.

di Slalom: Staring from rest the subject maversed, as
quickly as possible, a 15-m course with cones alizned in soraight
line and progressively decreasing separation distances Fig 3.

3 Daara Analysiz; All data were analyzed using custom
codes in MATTAR FX01la (Mathworks Inc., MNatick, WA
Us4). Specifically, MATLAE codes written for this proceduare
performed wheel rotation rate computations, data filtering, KE
estimation, and ploting based on input wheel rotation data
from the wheel-mounted encoders. A descriptive analysis of
the data s presented whereby both the peak and average enarzy
valones are uwsed as basis for companing across courses, and
also as evidence of chanzing in eneTgy paritoning in different

ENETZY COMPODEnts.

IT. RESULTS

To compare how the ensrzy was partifioned in different
courses, mean and peak valnes from were calculsted For the
Straizht mm_ Zarg Bading Tam, and Fimite Radms Tuwrn conrses,
data consisted of three mals for each of the two subjects.
Slalom course data consisted on only one tial by each subject.
Tables I and IT report the average and pesk EE wvalues for
each component as well as the total EE. Figs. 4-7 depict the
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TAELE I
Prak CoMFonENT anh ToTal EE OvER DEFERENT COURSES

Translational Rotational Torning  Towal
KE KE KE KE
Peak (1) Peak (1) Peak (J) Peak
(% of Todal % of (% of n
KE) Total KE)  Total KE)
Straight 63 112_ Ilr.‘Hi 006 1506
Muotion (B4 23%) [15.76%) (0. 0E%)
Fairn -
260 1.70 H.BG i
F‘T“:l_:s (21.49%) (13.60%) (Tosesy =¥
;ﬂ.’t" 23,81 4.52 n: S
T":" (R1.79%) (1572%) (14350 =0
Slalom 1138 388 837 1734
Coarse (e R E0Y] [15.T6%) {23.4945) ”
-1 5 25
Z Rotason
= 40 - ation 3
- Wbty
B —
E 30 1.5 E.
% 20 1 E-
= 10 0.5 >
o a
[H] 2 4 8 [ 10 12

Time [s]

Fig. 4. Partitioned EE of six comemntive pahies In a wiraight forarard motion.

eneTgy-time relationships of one representative tmal of each
manerver fo diostrate itz mnique energy feaures. Detailed
dizcnssion of each manenver 15 presented separately.

A Straight Run

The EE partition of & straight moton test mm is shown in
Fiz 4. A straight mansuver highlizhts the close relationship be-
tween speed and EE and the cyclical escillations of each that
result from the propulsion strokes Fig 4.

A expected, the ranslational KE component was dominant,
with a lesser contmbution of rotational EE from the wheels and
casters, and virmally no contribution from the tuming KE com-
ponent Mote that in both the peak and average EE values for
the straight nun shown in Tables I and IT the percentage of total
EE represented by the ranslational and rotational components
were about 84% and 15%, respectively, with the remaining 1%
accounted for by the slizht toming during the manewver. This
stermns from the fact that the chair speed and wheel rotation speed
are kinemstically linked, and thiz ratie remaims tie whenever
the chair moves straight. Starting from rest, the speed mereased
dramatcally during the first three pushes and reached a platean
of approximately 2.3 m/'s that was maintained until the last push.
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B Zero Radiuz Turm

The EE parition of a wheelchair parforming a zero radins
mn shows 3 markedly different eperzy parition than the
straight mn Fig. 5. The tuming EE component contributes the
Zreatest percentage of the total EE, with the translational and
rotational BE components conmbuting smaller and relativaly
equal amounts. As with the sraight maneaver, one EE com-
ponent i3 dominant. However, in 8 zerp rading nom, the total
EE was ashout seven times less in magnimde. This result is
not surpnsing, however, given that the rectlinear inertia of the
chair far exceeds the tuming inertia In the executon of this
msnenvear, the chair spins approximately at the midpoint of the
rear axle instead of at the center of mass.

Becamse the center of mass 1= offset forward from the axle,
amy zerg-Tadius nun would resalt in the center of mass moving
slightly which resulted in a finite but nonzero translational EE.
The bimodal cshape of the velecity curve shown in Fig. 5 was
the result of performing two pushes in the course of a tum.

. Finite Radius Turm

Executing a finite radius tom requires a combination of both.
translation and mrning movements, Since the movement started
from rest, 3 rapid rise in speed quickly elevated the EE of the
system Fig 6. Afterward, totzl EE stabilized to 2 level and an
inferchange of energy between translational and mmimg conypo-
nents was observed. Drops in translationsl KE component oc-
curred at the same time as pesks in tuming KE. This pattemn
resulis from the fact that the wser can only make the wheelchair
murn when pushing the handrims. When the hands are released

Biratic Energy [J]

T L) L L]
. = & o® = s = o®
*I'"u L L L=
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Fig. 7. EE partition in a slalom courss going as fast as possibla.

from the handrims during the recovery stoke, the wheelchair
tends 1o travel tangent to the circular path until angther push is
imitiated. Thevelociny in finite radins turn was mnch less as com-
pared to going straight (1.7 m's versns 2.3 m,'s), and that is re-
flected in the lower average and peak totzl EE. Fises and falls in
velocity for this manewver were not as dramatic as compared to
the straight mons because of shortensad propulsion strokes neaded
to follow the curved path.

D Slalom Courze

When moving throngh a slalom courss, the translational
and mming KE vared greatly due to vanations in speed and
muning radii throwghout the course Fig. 7. Wider cone spacings
at the beginning allowed for hizgher speeds and less pronounced
s, hence the high levels of manslational EE and low levels
of tuming EE. Toward the end of the course, a decrease in
ranslationsl EE from more demanding turms that required a
slower speed. An important charactenistc of the velocity plot
that is worth mentioning is the rough, jagged-locking velocity
curve that was not present in other manewrvers. The slalom
course requires a lot of control to mansuver the chair aroumd
the cones. Maneuverability 1z made possible by braking andfor
arcelerating the handrims in a specific way In onder to speed up,
slow down and mmn the chair. The unevenness of the velocity
is an mdication of confrol or lack thereof, donng the nm

IV DisCcUssIoN

This is the first stady to prezeat a systematic method to par-
tten the EE of & wheelchair during freewheeling. Since the
wheelchair is an assembly of distinct components, partitioning
the EE allows better understanding of the energy interchangze
among them Wheelchair manewvers that inclode acceleration/
decelaration and straighttrning movements reflect the varying
conmbutions of each type of energy to the total EE. This method
permits 3 powerfinl means to smdy the eficiency of wheelchair
propulsion by considermg how work input by the user s con-
verted into EKE.

Previons stedies addressad wheelchair propulsion efficiency
i ferms of muscle activity, handom forces and metabolic cost
[3}-[6]) using stationary propulsion or siraizht maneavers. These
studies greatly contributed to the understanding of how muscles
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wiork during manual propulsion, the forces applied on the han-
drims and how cardio respiratory system responds to increasing
speeds. Similarly, previons work seeking fo caloalate work and
enerzy during wheslchair propulsion was hmited to straizht mo-
fom [31]-[34]. Straight trajectories best demonsirate the efects
of system mass (franslations] inertiz) and friction. Bacanse thease
are dominant influences, these previous shadies are useful in re-
porting those imfluences. However, limitations in insmamenta-
fon preventad the previous stdies to Sully characterize the en-
ergy response One advantage of having wheel rotation data is
to determine the freewheeling wajectory, which reports 2 com-
plate pichure of what acmally happens when there are energy ax-
change: between components, The approach described here has
the resoluton to measure the rize and fall in KE comesponding
to a propulsion cycle Fig 4. Rizing EE is atmbuted to the in-
crease in spead during the propulsion stroke with the subsequent
decrease in KE occuming during the recovery phase when speed
decreases due to energy dissipation from rolling resistance and
other frictional influences. Characterzing thiz ensrgy dissipa-
fom is one way to evaheate the mechanical efficiency of mamal
wheslchairs Greater energy loss can be atiributed to a less effi-
cient wheelchair

V. COMCLUSION

Wheelchair mobility comprises an intersction of factors re-
Lated to the wser, eguipment and environment. When addreszing
mechanical efficiency, the wheelchair can be considersd as an
assembly of components whose inferaction mfluences the ef-
fort required to move about This is the first study to objectively
parfiion EE as the output of a wheelchair during freewhseling
maAnervers. The approach can be applied to a vanety of com-
mearcially available wheslchairs with mimimal mfluence on mass
and imertia. The method showed proper sensitivity to differen-
fate BE over mansuvers with different speeds and trajectonias.
In particular, the slalom maneuver hizhlights the continwous n-
terchange of manslational and mming EE components and un-
derscores the need of nsing maneavers endowed with acceler-
ations and decelerations when investiganng mamial wheslchair
propulsion efficiency. Fumure research shonld apply this KE par-
ftoning technique to invesagate the differences in wheelchair
types and configurations. This will help clinicians and manufac-
turers o prescribe and develop the most suitable equipment that
maets wsers’ needs and expectations.
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ABSTREACT

This study s aimed at investgating how contact forces are distributed over the hand's surface duning
manual wheelchair propulgon with two diferent designs of handrim. Twenty able-bodied subjects
performed a wheelchair propulsion protecel comprising five consecutive pushes: stan-up, stralght
mtion and braking. The protecol was repeated twice, each tme with a handrim type: the standard
round metallic ke handrims, and 2 prototype of an ergonomic handrim. Dunng all the tests contact
fonces over the wsers hand surfaces were measured throwgh a pair of gloves Instrumented with ten fonce
sensors each. The awmage values of each sensor were used to compare both handrims, and statistical
tests were used to verify sgnificant differences The resulis indicate that the handrim design influences
the magnit ude of contact forces on hands’ suface. There was a reduction in the magnitsde of the contact
fonces im both reghons — metacarpals and distal phalanges — during the three propulsion phases with the
use of the ermonomic handim. Among all ten sensors, the distal phalange of the third finger registered
the greater forces d unng start-up, forwand moton and braking. The reduction on the contact forces with
the use of the ermonomic handrim & possible due to the increased surface and the anatomical shape.
Imuproving handrim design can contribute the ergonomics of manual propulsion, thus benefiing wsers
comfort and safety in wheelchair mobilin
Relevance ro indusoy: This study oontrbutes to the mowledge of the ermonomics of manual wheelchair
propulsion, with the main foous on the hand-handrim interface. Thus, it can benefit desimers and
manufacturers in developlng hand ims with ergnomics eatures, as well as improve the wsers” comfort
and safety durng manual wheelchair usage.

& 2014 Elsevier BV, All rights reserved.

1. Introduction

functionality, independence, and quality of life (Fnnerup et al,
2001 ; Jensen et al, 2005; Ehde et al, 2003; Alm et al, 2008).

Manual propulsion, the main means of wheelchair ambulation,
exposes the upper limbs to high loads and repetitive task, and as a
consequence there is an increased risk of overuse injuries (Gellman
et al, 1988; Curtis et al, 1999; Subbarao et al, 1994). Snce wheel-
chair users rely on their upper limbs for mobility and most of the
activities of daily living, pain and upper limb injuries can impact

* Corespanding author. Department of Design, Faculty of Architeaure, Arts and
Commumication, UNESP-Univ Estadud Paulista A Eng luix Bdmundo Carrdjo
Coube, 14-01, Baury, 5P T7033-360, Bracdl Tel: 455 14 3103 6000 6062

Famoil  oddresss: fasn medole@bac mesply,  fmedola@yahoooom br
(PO Medola)

hittpe [ s d aiorg/ 100G fjergon 2010 408 005
0169-8141 jo X014 Elsevier BV, All rights ressrved

Theretore, reducing workload and improving the comfbort of the
wsers' hands during propulsion i an important goal for both
rehabilitation practice and engineering.

As the interface through which the wser controls a manual
wheelchair, the handrim plays a key mle on the manual propulsion
technique. van der Woude et al. (2003) highlighted the need of a
stable mupling between the hands and the handrims on both
propulsion and navigation of the wheelchair, Because wheelchair
propulsion requires the hands to hold and push a rotating handrim
quickly, the standard handrim — a round metallic tube located on
the outer side of the wheel — have no ergonomic beatures, reguires
a pinch grip and was not designed for variations in upper limb
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fundtion (Deruf et al, 2008). The ooss-sectional diameter
[ 1B—20 mm) is insuffident to provide proper support to the entire
hand's surface. Consequenty, increased muscular effort is needed
to stabilize the hand on the handrim, conentrating contact foroes
over small areas (mainly the distal phalanges), thus exposing the
delicate structures of the hand to a harmful condition.

Alternative designs for wheelchair handrims have been pro-
posed aiming to make manual propulsion easier and more
comfortable (Dieruf et al., 2008 ; Richter et al, 2006; Gaines and La,
1986) More recently, an ergonomic handrim designed based on
hand’s anthropometrics was developed with the main purpose of
inreasing the surface area in order to poperly support both the
palm and fingers. When wsing this handrim prototype, wheelchair
users reported improved combort during manual propulsion when
pushing, braking and maneuvering (Medola et al, 2012 ) Although
the ergonomic handrim and the other pmoposed devices are aimed
to improve hand-to-rim interaction and benefit user's comfort, the
first differs from the others in terms of its material composition,
larger size and shape.

An important outcome used in ergonomic research on hand
tools is the distributon of contact torces on hands. During manual
tasks, the distribution of foroes is not uniform aooss the surface of
the hand. Theretore, the relative risk of mechanical trauma (such as
blisters and hairline fractumes ) is also not uniform across the hand
surface (Muralidhar et al., 1999), While there has been considerable
research investigating pressume on hands with the use of a number
of hand-tools (Kong and Freivalds, 2003; Lo et al, 2008 ; Kong and
Lowe, 2005), o our know ledge, no study has quantified the contact
forces on the hand-rim interface.

The comparison of different handrims had been addressed with
the use of objective outcomes and users' responses, Dieruf et al.
(2008) and Gaines and La (1986) investgated users’ responses to
compare alternative design of handrims with the standard cylin-
drical handrim. In both studies, users reported their preference for
an alternative contoured design of handrim rather than the stan-
dard cylindrical handrim. The study of van der Woude et al. (2003 )
compared different types of handrim in terms of ooygen uptake,
gross mechanical efficiency, handrim propulsion forces and par-
ticipants’ subjectve ratings, and found significant difference only in
the subjective rating s, Cutcome measures such as propulsion foroes
and physiological parameters may be not sensitwve enough to
detect differences between handrims types. In this way, measuring
hand contact forces may be a mome appropriate method to identify
such differences. The objective of this study was to investigate how
contact forces are distributed over hand’s surface during manual
propulsion with two different handrims, Two main hy potheses are
investigated: (i) the distribution and magnitude of the contact
torces on the hands' surface ditters according to the handrim
design; (ii) the ergonomic handrim can meduce the magnitude
contact forces on hands® by optimizing the distribution of contact
forces through the entire surface of the hand.

2. Materials and methods
21, Pornopants

Twenty able-bodied subjects wem mcruited at the 5do Faulo
State University (UNESF, Bauru, Brazil ) and voluntarily parbapated
in the study. The sample consisted of ten men and ten women, with
amean ageof 425 £ 9.2 yr, mean heightof 1.76 £ 008 m, and mean
mass of 8B40 + 183 kg. Participants met the following indusion
criteria; (1) 18 years or older and (2} had no upper limb pain, in-
juries, or deformities that could influence both manual propulsion
andor force sensor data amuisiton.

Prior to data collection, volunteers read and signed an informed
consent form that had been approved by the Ethics Committee of
the Faculty of Medicine of Ribeirao Preto, University of 5ao0 Paulo.

22 Materink

A standamd design Star Lite Orto brasl'wh:ch:hairl;seat width af
400 mm, backrest height of 400 mm, and pressure of the mear tires
at 4.5 bars) was used during data collection for all the subjects. This
configuration was acceptable for the participants to perform all the
propulsion tests, and did not influence the subjects’ ability o
propel the chair,

In addition to the pair of standard handrims (circular metallic
round tube with 20 mm of diameter] already present on the
w heelchair used, it was used an extra pair of an updated version of
the ergonomic handrim prototype (FAg. 1) With the same design
concepts of the handrim developed by Medola et al. { 2012), the new
version of the ergonomic handrim was designed with an upper
surface to support the first metacarpal and the thumb (width of
38 mmJ), a ateral convex surface to support from the second to the
fitth metarpal ( vertical diameter of 48 mm), and a lower surfaces
with smooth grooves (width of 22 mm each depression) to support
the medial and distal phalanges of the fingers, allowing a firm and
comfortable grip (Fig. 2).

When pushing the handrim, the fingers fit to the smooth
gmoves and the protrusions provide exta support to the ingers,
facilitating the push phase. Both handrims (the standard and the
ergonomic) had the same radius from their top o the center of the
wheel differing only in their shape and size of the grip.

To evaluate how contact Forces act on the users” hand surfaces,
we used an instrumented glove system equipped with ten Foroe
Sense Resistors (F5R) sensors (Interlinks Electronics, Inc, USA, Part
Mo Model 402, 0.5 inch diameter) on the palm side of the glove
(Fig. 3). The F5Rs force sensitivity range varies from 01 to 100 N,
which is adequate to most of hand held instruments or hand tools.
The sensors have low sensitivity to noise and vibration and a good
foree resolution, better than 0.5% of full scale. Their rise time output
is 3 ms and the force repeatability is about 2% ( Interlink Electronics
2014 ). Howewver, FSRs exhibit considerable hy steresis, which makes
the unloading forces smaller than the loading ones in about 10%.

The instrumented glove system & an evahation tool for ergo-
nomic research, allowing the investigaton of the mechanical
interaction between the hand and a hand tool during a manual task
(Silva and Paschoarelli, 2009) Ako, we used a data acquisition
system for FSR sensor signal condiboning (sampling rate of 10 Hz),
a multifunction module (AQ — Mational Instruments — NI USB
6210, 16 bit, M Series), and the SADBID software developed using
the Labview® 7.0 software { Mational Insruments, Austin, TX, USA )L
Prior to the study, each of the ten sensors was calibrate d separatehy.

23 Experimentol procedures

Before starting the data collecdon, the participants had about
ten minutes o practice manual propulsion with both handrim
maodels, in order to become familiar with wheelchair propulsion.
All subjects performed a four-meter propulsion protocol on a flat
and smooth floor, repeated twice, using each pair of handrims in a
randomized omder. Starting with the chair stopped, partidpants
wemn nstructed to push the handrims hve times consecutively over
a straight forwand trajectory (a straight line was drawn on the floor
with adhesive tape), at comfortable speed, trying to keep the same
propulsion pattern for both conditions. Thus, each single trial
comprised three different phases; one start-up push to start mov-
ing the wheelchair forward, three pushes to keep forward motion,
and a braking contact with the handrim to stop the chair. The
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(a)

(b)

Fig. 1. Wheelkclair handrims: (2) standard; (b) ergonamic.
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(a (b) (c)

Fig 2 Crass-section view: (2) 20 mm dianeter stadard handrim; (b) ergonomic
handrim; () erg ic handrim (millimeters).
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Thumb
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wh Little MC3
MC 4

Fig 3. Location of the ten fores sensors on the palm sideofthe glove MC meticapal

protocol was performed two times for each type of handrim, with a
ten-minute rest interval during which the pairs of handrims were
switched. During the protocol, data from instrumented gloves
system were collected. The wires and connectors were attached to
the chair in a way that it did not interfere with the users' upper-
limb movement during manual propulsion (Fig. 4},

24. Data analysis

The average value of each sensor was obtained from the two
trials of each subject, and then the average force of the 20 subjects
was calculated for each sensor. The average force on the two areas
of the hand - metacarpals and distal phalanges — was obtained by
the sum of the average forces of the five respective sensors of each
area The condition of normality (Shapiro—Wilk's W test) and ho-
mogeneity (Levene's test) of data were verified. Student’s -test was
applied to normal and homogeneous data to compare both devices.
On the data sets that did not meet these conditions, the Wilcoxon's

Fig 4 Wheekhair set up with the data acquisition components.
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test was applied. All results were considered significant at a P vahue
of 005 or less.

3. Results

The method allowed the comparison of how contact forces act
on hands’ surface when propelling a wheekhair with two
different handrim designs. The behavior of contact forces as a
function of time can be appreciated by looking at the data of a
single trial of one subject (Fig. 5). In order to simplify the graphic
and facilitate the understanding, the sensors were grouped as
follow: distal, comprising the five sensors positioned in the distal
phalanges: and metacarpals, comprising the five sensors on the
palm of the hand.

For both regions — metacrpals and distal phalanges — there
was a redudion in the magnitude of the contact foroes during the
three propulsion phases with the use of the ergonomic handrim
(Fig. 6} The percentage of reduction on the contact foroes was
greater in the meta@rpals than in the distal phalanges: start-up
(metacarpals 566% distal phalanges 172%); forward motion
(metacarpals 55.2%, distal phalanges 244%); and braking (meta-
carpals 30.0%, distal phalanges 17.4%).

By looking individually to each sensor, it is possible to identify
areas of the hand whem the contact with the handrim was more
intense (Table 1). In all the propulsion phases and for both han-
drims, the distal phalange of the third finger registered the greater
forces among all sensors. In the metacarpal region, the greater
torces were concentrated in the bases of the second and third
fingers. The vast majority of the ten areas of the hands showed a
reduction on the ontact forces with the use of the ergonomic
handrim during all the five propulsion cydes. Although statistical
significant difference between the two handnims was found in
many amas, only the thumb showed a signifiant reduction in the
three phases with the ergonomic handrim Only the second
metacarpal (basis of the second finger), during the braking phase,
showed a significant increase in the contact force with the ergo-
nomic handrim. Finally, the total force (sum of the foroes
measured by the ten sensors) reveals that, for both handrims,
torces of greater magnitude occours during the start-up and
braking phases.

Forward Motion

FO. Medola et al § Intenational lmnal of ndusirial Ergemeomics 44 (2034) 251 0256

40

u Standard Handrim
BErganomic Handrim

s
N
%5 .
25 M4 s
20 19 T
i
1':'5-
1
ﬁ I

Distal
FORWARDMOTION

n

A=

L)

ETART BRAKING

Fig. & Contct forees (avergge) on distal phaages and metacrpds during start,

forward motion and braking (Pores expressed in Mewdon ) *signifiant difference
(p = QLOS)

4. Disoussion

This study showed thatdifferent handrim designs influences the
distribution of contact forces on hands’ surface. Additonally, the
results indicate that propelling a w he elchair with an ergonomically
designed handrim reduces the forces on user’s hands, in compari-
son with a standard round tube handrim. This is most likely
becuse of the greater surface of contact and anatomical shape
provided by the ergonomic handrim. Similar results were found by
previous studies that investgated forces on hands with the use of
handles and other hand tools (Kong and Freivalds, 2003; Lu et al,
2008) As a result of the greater surface, there is a more equitable
distribution of contact forces on hands, redudng the foroes
measured by each sensor.

Brake
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Fig 5. Contact forces in five conseoutive pushes of a single subject.
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Table1
Averge forces for each sersor during the three propulson phases_
Start-up Farvwamd Braking
mrstian
NH. CH. NH. CH. NH. CH
Distal phalangs: Thumb 541 730" 291 525 344 7
Index 3 02 135 3% 192 1@
Third 910 1013 749 07 904 108
Pourth 643 742 442 481 502 565
Fifth 623 691 341 436 517 44
Metaarpals Thenar %5 185 051 142 07 oM
M2 544 781" 401 486 623 4an”
MO 135 762 068 543 233 480
MC4 085 514 047 353 202 414
Hypothenar 184 175 163 155 493 511"
TOTAL 4102 6115 2648 4181 206 5167

* Signifiamt difference (p < 005)

The current findings can be related with the study of van der
Linden et al. { 1995}, which showed lower physiological parame-
ters (oxygen consumption and respiratory exchange ratio) and
higher gross mechanial efficdency when propelling the w heelchair
with the use of handrims of larger tube diameter (oval shaped tube
with a cross section of 25 by 30 mm ) compared to a handrim with
18 mm tube diameter. The dedease in the physiological paramete rs
might be explained by the decreased need for stabilization by the
larger musde groups at the elbow and shoulder (van der Linden
et al, 1996) In contrast with this, van der Woude et al (2003)
found no difference in moygen uptake, gross mechanical effidency
and forces applied on the handrim when comparing four different
handrim profiles. It is possible that the differences between the
handrims might not be enough to promote changes in phy siological
parameters and propulsion forces. Thereby, the contact foroes on
the hand-to-rim interface appear to be more sensitive to detect
differences between handrim. Although the physiological and -
netic parameters not show significant differences among the han-
drim models, the subjecive ratings of the participants showed a
clear preference for the mund foam rubber-toated handrim. This is
an interesting finding since it evidences the importance of the
increased friction (provided by the foam rubber coating ) to hold
and push the handrim.

As expected, contact forces of greater magnitude ocourred
during both the start-up and braking phases. From a mechanical
point of view, this finding reflects the inertal challenges o,
respectively, put a statonary chair in motion and stop it from
moving. In contrast, propelling a rotating wheel requires less force
to maintain the wheelchair in motion.

Because the contact forces on the hand do not act directy to
move the wheels, but only in holding the handrim, they cannot be
interpreted in terms of mechanical effectiveness. The reduction of
contact forces impacts pressure on the hands, which s directly
related to comfort in handling hand tools. Thus, measuring contact
forces on the hand's surface might provide more reliable informa-
tion related to comfort than effective ness. When addressing pro-
pulsion effidency, itis important o study the relations hip between
energy expenditure and musoular activity pattern (Spaepen et al.,
1996). Therefore, Future studies should investigate how the han-
drim design affects physiological parameters as well as upper limbs
kinets and kinematics during manual propulsion.

Oontact forces on hands' surface have already been addressed in
previows studies on the ergonomics of hand tools (Kong and
Freivalds, 2003; Lu et al, 2008; Kong and Lowe, 2005) The study
of Aldien et al (2005) investigated the interface pressure by sen-
soring the handle with a flexible @pacitive pressure sensing grid
The authors found that the handle diameter infloences the

magnitudes and distribution of hand—handle interface Foroes in a
gripping and pushing task. Also of interest, the study showed that
the average peak interface pressure for a given handle size can be
expressed as a linear combinationot grip and push torces. Although
not used in studies addressing toroes on hand surface, other studies
have investigated interface pre ssure distribution by using diffe rent
measurement systerns  (Mamenzi et al, 2013; Lampe and
Mittemacht, 20010)

HAs happens in manual wheelchair mobility, pushing forces are
present in seve @l user—product interactons of daily lite. The forces
imsolved in manual activities { coupling foroes ) can be divided them
into two main components: gripping force and push force or pull
force {Malinowska-Borowska and Gregorz, 20013) These force
mmponents are also present in manual propulsion in the repetitive
act of holding, pushing and releasing a mtating handrim. In a recent
study, Garg et al (2014) discussed the factors affecting pushing
forces in daily and work actvities (such as pushing carts and other
ohjects). Among many user-pmoduct-environmental factors that
may affect pushing foroe, those of interest to manual wheelchair
muobility are: friction, handle design, slope of the terrain, wheels,
weeight on the chair, among others.

When addressing biomechanics of manual propulsion, it is
important to consider that the welocity can affect propulsion
technique. According to the study of Spaepen et al. (1996], as we-
locity increases, the push time is deaeased, resulting in a decrease
in cyde ome. Additonally, both start and end angles are shifted o
the front of the handrim (Spaepen et al., 1996). Therefore, when
moving faster, the activity of repeated holding, pushing, and
releasing the handrim may expose the hands to the risk of traumas
from the wheels. By providing greater surface for a firm grip, the
ergonomic handrim aims to provide a safe and stable support for
the hands.

This study may contribute to nnovations in the design of
wheelchair handrims. In order to enhance the ergonomic features
manual wheelchairs, it is important to wse both anatomical and
biomechanical informaton of wheelchair users when designing
wheelchairs and accessories (such as handrims). Furthermore, the
anthropometrics of wheelchair users was shown to vary between
different groups of this populaton (Pagquet and Feathers, 2004),
which requires designers and producers to be awam of it when
developing wheelchairs and acoe ssories.

One concern ot this study was relted about the influence of
shear borce on the measured borce, as it may happen when holding
and pushing the handrim. According to Hall et al. (2008], the
presence of shear force may overestimate up o 36% the compres-
sion force measured by the FSRs sensors. Howewver, the authors
found that prolonged use signifiantly reduces the influence of
shear loading on the measured foroe to 285,

Although the curment study showed important fAindings, it has
limitations that must be noted. First, only able-bodied subjects
participated in this study, and thus, the findings of this study are
not fully representative of wheelchair users. The experience in
wheelchair use is related to a deease in energy expenditure | Croft
et al, 2013) and an increase in gross mechanical efficiency ( Brown
et al, 1990; de Groot et al, 2002; Lenton et al, 2008) These im-
provements may be the result of adaptations in propulsion pattern
and muscle actvity and coomdination Studying wheelchair users
oould provide important informatonon the mechanical interaction
betweeen hand and handrim among a variety of groups of diffe rent
levels of upper limb hunction. Additionally, the sensors did not
cover the entire palm surface of the glowe, and the forces registered
am only valid for the limited area of each sensor. The inwes tigation
of the eledromyog mphy of the fore arms during manual propulsion
ould provide additional information on the relation between
handrim design and musolar work, improving the analysis of the
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current results. Finally, due to equipment and space limitations,
only straight forward motion was performed and, as a result, we do
not have data from turning maneuvers, which would best mimic
wheelchair propulsion in daily life.

5. Conclusions

This study showed that the handrim design influences the
magnitude of contact forces on hands' surface during manual
wheelchair propulsion. Compared to the standard round tube
handrim, the use of an ergonomic handrim with increased surface
and anatomical shape reduces the contact forces on hands in both
metacarpal area and distal phalanges during start-up, forward
motion and braking the wheelchair. Additionally, this stody
showed that the magnitude of contact forces on hands are greater
during the start-up and braking the chair, which is related to the
inertal challenges to put the chair in motion and make it stop.
Improving the comfort and safety in manual wheelchair usage
must be targeted by designers and manufacturers in order to
benefit both produc usability and users' sati i
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Conceptual Project of a Servo-Controlled Power-Assisted
Wheelchair=

Fausto O. Medola, Benedito M. Purquerio, Valeria M.C. Elni, Carlos A. Fortulan

Abstracr— Mannal and powered wheelchair: have been
widely used as assiztive technologies to improve uzers’ mobility.
However, both types of wheelchairs have problems that Lt
the users’ ahility in moving independently, thus impacting
social participation, health and gquality of life. Thiz paper
report on the conceptual development of a manual wheelchair
equipped wmith a servo-controlled power-assisted syztem. The
development procesz comprised the desizm of a wheelchar
frame properly desigmed to receive the components of the
power-azsistance system; the measwrement and integrated
processing (with an ooboard computer) of the user’s forces
apphied to the handrim and rear wheel: angular velocity., The
integrated processing of theze data geperates an order to the
motor driver, according to an alzorithm of condidon: that
specifies the state (activation or deactivation) and masnitude of
operation of the servo-motor. The output torque of the servo-
motor (located below the seat and between the rear wheels) is
distributed to both rear wheel: via mechanical differential, thus
allewring similar drivability to a standard manual wheelchair.
The implementation of the inmovative and ergonomde
characteriztics of the servocontrolled power-aszsisted
wheelchair may improve users® ahility to move longer and with
comfort and safety, thus bemefiting social participation and
gquality of Life.

[ INTRODUCTION

Wheelchairs are widely used as assistive tedmnlcuges
aimed to promote independent mobility and improve users’
social participation. However, propelling mamual wheelchairs
15 4 very extenuating and mefficient mode of ambulation [11.
which may be related to a very curious and controversial

many users referred that the wheelchair is the main

findng:
factor lmuting therr compmmity ticn [2]. Improvin
wheelchar mobility may hﬂl&&amu;f;s’a mdependence .mcgl
guality of life and, to do so, both scientific and technological

*Besearch supported by The Nadomal Council for Sdentific and
Technological Development (T2 Py, Process 1. 48415320110, Brazil) and
Coordination for the Improvement of High Education Personnel (CAPES,
Process . BEX 0810/12-4, Brazil).

Famste Orsi Medola is with the Deparmment of Desizn and the
Programme of Post-graduation in Design, Faculty of Architecture, Arnts and
Commumication, UNESP — Univ. Estadual Panlista, Bauru, 5P, Brazl
(phone: 55-14-3103-6062; e-mail- fauste medolag@fac unssp.br).

Bepedite M Porquerie and Carles A Fortolan is with the Department of
Mechanical Enginesring, University of Sao Paule, Sae Carles, 5P, Brazil
(e-madl: purqeriogEsc.usp.br).

Valena Meirelles Camril Ehi is with the Deparment of I euroscience and
Behavioural Sdences, Faculty of Medicine of Fibsirao Preto, University of
Sao Paunlo, Brazl. I:&II].!.[L velnif@fmrpusp br) and Programme of Post-
graduation Imferunits in Bioengineerinz, University of Sao Paulo. Sao
Carlos, Brazl

97E-1-4793-3128-8/6/1 41531 .00 ©2014 |[EEE

430

advances must be targeted by an interdisciplinary point of
view between health sciences and angnesms.

From the users’ perspective, the twoe most commen types
of wheelchair — mamnual and powered — do not provide full
mdependence m locomotion. Cuantifying daily mobality
evidences the gap betwesn normal gait and wheeled mobility:
while walkers move a mean of & to 7.5 km a day [3],
wheelchair users move cnly 1.5 to 2.5 km [4, 5]. These
findings suggest that the wheelchair, even being an assistive
device, plays an important rele on users’ mobility limitation.

amual propulsion, the most common mode of oper n%

a wheelchair, is charactenized by the combination of lo
and repetiion [6]. As a result, long term use of mamal
wheelchairs has been related to the high meidence of upper
limb myuries [7, 8]. Due to the high demand on upper Lmbs,
many mohility situations become diffienlt or even mpossible
for the users to perform, such as moving on umeven terrams,
s, uphill and long distance displacements. On the other
"motorized wheelchairs, the immediate sclution for
most of the problems associated to mamual propelled chairs,
have hmitations that, wltmately, do not fully benefit users’
mobility. Indeed, the daily distance traveled of power-
wheslchair nsers 15 smular to those whoe move with mamal
wheelchairs [9]. Furthermore, motorized chars expose the
user to a passive condiion m hisher locemotion, which is
important to comsider see mactivity may confribute to
obesity and cardiovascular problems. Other aspects such as
total mass, cost, battery autonomy and maintenance
contmbute to the limited acceptance of power-wheelchairs

AMONg WSers.

In an attempt to Improve users’ mobility, altemative
devices were developed based on hybnid svstems whose
concept 15 based on the association of motorized assistance
mm]:ll 7 to manual propulsion, with the objective of

users’ work ad during locomotion and
kE!E'p]IL'E the mamal propulsion as the mode of operation. The
assisted propulsion systems currently available are based on a
sensng and motonizing system for each of the two rear
wheels [10-12]. In commercially available power-assisted
wheelchairs, the two motors are coupled to the Ve
wheels hub and supplied by a single battery atta to the
frame of the chamr. In general, these systems mcrease from 15
to 24 kg in the mass of manual chairs, a significant merease
considerng the weight of most manual wheelchairs ranging
from 12 to 17 kg,

Previous studies have shown the benefits of motorized
assistance for mamal wheelchars. From the speclrl:e of
fimctiomality, the wuse of assisted prop systems
improved the mobility of tetraplesic 511]:_]&15 On TEmpS,
uneven ferram and carpeted surfaces [13]. The benefits for
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tetraplegic subjects also comprise the reduction on energy
expenditure, propulsion frequency and upper limbs range of
moticn [14]. For users with wpper limbs symptoms, the use of
power-assisted systems proved to be beneficial, with
decreas-ed energy expendifure and perceived exertion, as well

t mcrease m distance fravelled [13]. In addion,
A.m«l et al [16] demonstrated that power-assisted wheel chairs
provide greater mechamical efficiency and lower energy
consumption compared to namal squipment.

Despite the above mentioned benefits, power-assisted
systems are still not widely used among wheelchair users.
Possibly, the main linmtation of these devices is related to the
difficulty in performing maneuvers m areas locals of reduced
space [12]. Once each rear wheel is independently motorized,
applyng asymmetric forces on the handnms — commenty
used to move on curves, tum the chair and perform short
displacement maneuvers - result in amphification
ofthgtorqlmmﬂm“ﬂmels,&malta'mgﬂmhmmdws
from the prmarly intended by the uwser From ths
perspective, power-assisted systems work satisfactorily only
when moving straight or the frajectory is not constantly
C ed, which does not represent how le move with

h]:;.:rﬁchaim i their daily mﬁrnas. PR

This way, although the biomechanical benefits have been
demonstrated, up to date, the use of power-assisted
wheelchairs does not find defimtive support for wmequvocal
prescription. Furthermore, the independent motorization for
each rear wheel ts an ncrease I system’s cost,
weight and complexaty. This study aims to present a proposal
for a conceptual project of an mtelligent power-assisted
system for mammal wheelchairs. Scientific and technological
challenges inherent to this project mvolve the development of
mechamical and electrome solutions for sensormg  the
handrim forces, motonzing and transmission of torgque to the
rear wheels, i order to provide optimal propulsion assistance
and similar drvability to manual wheelchairs.

II. EXPERIMENTAL PROCEDURE

The cumrent study was camed oot in the Laboratory of
Tribology and Composites (LTC) at School of Engineering
of Sao Carles, University of Sac Paulo. Firstly, it was
designed a wheelchair with an ongmal project in order to
enable a power-assisted system to be properly nstalled to
the wheelchair. The wheelchair was design with ergonomic
characteristics, m order to provide the most appropnate
conditions for a safe, comfortable and efficient use.

After desigming fhe wheelchair, the components of the
power-assisted system were defined in terms of sensoring,
acquirmg and processing the data from user’s actions on the
wheels. The most appropriate sensors for each data were
then selected, and an algorithm for data processing was
developed to determine the specific condibons for
activatmg, working and deactivating the power-assisted
system. Fmally, it is presented the implementation of the
system, that 13, the prototype of the servo-confrolled power-
assisted wheelchair.

III. RESULTS

The current results are consequence of a multidisciplmary
appreach and melude issues of ergonomic desigm;
propulsion and assistance; algenthm for data processing and
power-assistance; and a tuild of a prototype to qualitative
evaluation.

A Equipment Design
An onigmal project of wheelchair frame and wheels was
designed, I order to receive the components of the power-
assistance system Ergonomic features were applied on the
design of the handrim mterface: an improved hand-to-rim
was 2 handrim with greater aurface and
ﬁoh;fml b;:fands contact. handrim  was
oclma::tedasg,.'nmleh'maﬂyto the wheel lmb, resulting in more
space between the wheel (with camber) and the wvertical
{orthogonal) handmm  as showm m Figure 1. Besides
protecting the hands agamst traumas with the wheels, thus
increased space allows the user to push the handim m
varable sitions, fims benefi sion comfort
and ﬂfa}r% andhﬂ;lg ;Pfige?llﬂare connectad
asymmetrically, the handrim forces are transmutted to the
wheels by drag pins connecting the inner face of the handnm
to the outer face of the wheel.

' Cambaar

Wheel
Handam

BT

Handrirm

OragPin

Figure 1. Schematic drawng of assistive wheelchamr: fromt
view (above) and 1sometrnic rear view (below).

The power-assisted system comprised a servo-motor
(EC45 Maxon Motor, brushless, 250 Watt, planetary
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Gearhead GP62A and Driver 4-Q-EC Amplifier DEC
T0/10). The ocutput torque of the servo motor was distributed
to the rear wheels through a mechanical differential system.
The components of the motor system were positioned inside
a box — here called motor box — positioned m the center of
the wheelchair, imder the seat. This is an important feature
that disinguishes this prototype from the cument
commercially available power-assisted chars, because most
of the added mass is located m a centered position of the
system (between the rear wheels) and, therefore, close to the
wheelchair center of mass. Theoretically, it minimizes the
effect of the added mass on the wheelchair rotational mertia
[17], thus ensumng simular drvability to conventional
manual wheelchairs.

E. Propulsion and assistance

Dunng mamual propulsicn, the system recognizes the
user's mtention to move and provides complementary power
proporticnal to the handrim forces. To combine the manual
foree with the torque provided by the motor mder a certain
condition of locomotion, three types of informaton were
used: (1) nser's forces on the handrim measured with strain
gauges; (i) rear wheels rotation, measured with optical
encoders; and (1) slope of the terrain, measured with a
triaxial accelerometer. A scheme of the pesition of the force
sensors 15 presented m Figure 2. To process and use thess
data durmg real time propulsion, a data acqusition system
collect (DAQ NI USB 60098, National Instruments) and
processes it (with a program develop in Labwview®, National
Instuments) onboard (with a portable computer with
Windows Operational System). Figure 3 shows a scheme of
the electric power supply and system’s operation.

Hasmcdrim

Sansor force
E .I[F)l ' 3D Accelermeter \ I\ hr
i

! Drag pin ) Diffarantisl |
L | A = -I

II
AT,
| Coupling
- g - Wheel B -

Figure 2. Acquistion of force and motor system scheme.

@ |

Liazn Piowes
Supply

Dratn nq-'lfiun
HIWFSE BiMre

Figure 3. Elecimic power supply and system’s operation.
. Algorithm for the Power-Assistance System

In order to properly match the power-assistance to user’s
needs and intention to move, an algorithm of conditions and
actions was developed (Figure 4). To activate the assistance
system, the most mmportant answer to respond 157" Does the
user want to move?” Twe condiions need to be satisfied m
order to activate the system: (i) a second push; and (u) a
mimimal wheel angnlar rotation of 180°. I these two
condiions happen smol , then the motor 15 activated
with a certam torque (T1) aﬂ.difelml}' (W1, whesel rotation),
both dependent on and proportional to the measured handnm
force and rear wheels angular rotation. To maintam the motor
assistance, another force must be applied on the handnm
before the wheels stop moving. If this force (F2) 15 of simular
strength to F1, then both torque and welocity are kept the
same as 11 and V1. On the other hand, forces of greater or
lesser strength activate mode of acceleration or deceleration,
respectively. The deactivation of the power-assistance is
triggered if two applied forces of lesser strength are measmed
consecutively or no push is detected after a decrease in the
measiured force.

| thema @ sacomd push?
Minimum wheels olation of 182° 7

noacwaen —[a] ~ [

T, = Fy & WWhool Rodus
Noushem Ausivalion (T,) T=he ha

(¥, = 083 mée = & = 12 i)

I thare ancther push?

.-‘.-. ‘."'-\.
Drecederabion —EI E

Fo=F, [+10%) 7

F 7 Er.,

_-"’ -H"\-\.
F2=F1

Iethere anolher push?

[osesion | [T,
&

Figure 4. Algonthm for the activation and deactivation of
the power-assistance.
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D.Prototype of the Servo-Controlled Power-Assisted
Wheelchair

The development of the wheelchair prototype comprised:
thedes and production of an original wheelchair frame;
N pu!grcuonofapanofrwwheds with origmal
demgnedwheelhub a parr of two ergonomic handrims; a
par of two commercially available casters. All these
components were mounted as a wheelchair prototype, and
then instrumented with the power-assistance system, as
shown in Figure 5.

YRdHWw

Moor and Ceferertiyl

©

Figure 5. Prototype of the servo-controlled power-assisted
wheelchair: (a) isometric front view; (b) isometric rear view;
(<) user and chair interaction.

IV. CoNCLUSION

This paper reported on the conceptual project of a servo-
controlled power-assisted wheelchair. The system comprised
a number of technologies applied for: sensorng and
processing real-time measurements of handnm forces, wheel
rotation velocity and slope terrain; controlling of a single
motor and fransmission of torque and velocity to the rear
wheels through a mechanical differential system.
Furthermore, the wheelchair prototype was designed with
ergonomic features in the handrim interface, n order to
provide a stable, safe and comfortable grip when pushing the
handnms. The prelimmary tests showed promising results in
terms of power-assisted system and mechanical operation.
The system configuration is cumrently being adjusted to
improve its operation. Future tests will investigate
propulsion biomechanics, wheelchair drivability and users’
perception on the servo-controlled power-assisted
wheelchair.
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Avaliacdo da Inércia Rotacional de
Cadeira de Rodas Manual: implicagdes
para o design ergonémico

Resumo

Mo design de uma cadeira de rodas manual, o desempenho na locomocao € um dos aspectos de maior
preccupagac, em vista da importante limitacao de mobilidade a qual os usuarios estao expostos. O desempenho
na mobilidade & resultante, basicamente, do equacionamento entre os esforcos do usuario, os aspectos inerciais
da cadeira de rodas e a resisténcia ao movimento (princpalmente no atrito entre as rodas e a superficie). O
designer & capaz de intervir nesta equacao - e desta forma no desempenho da mobilidade - abordando os
aspectos inerciais do equipamento. Para deslocamentos em trajetoria retiinea, a massa total da cadeira de
rodas € o principal componente inercial. Por outro lado, para movimentos em trajetdrias curvas ou mistas, bem
como para manobras de giro da cadeira, assume grande relevidncia a inércia rotacional do sistema. Heste
sentido, o objetivo deste estudo & avaliar a influéncia da adicdo de massa (e sua localizacdo) e do uso de dois
diferentes conjuntos de arc-roda na inércia rotacional de uma cadeira de rodas manual. Uma plataforma
construida com sensores de forga e encoder optico foi utilizada para avaliacdo da inércia rotacional da cadeira
de rodas. A= medidas foram realizadas em trés situactes, em todas sendo utilizada a mesma cadeira de rodas: (i)
adicio de pesos nas rodas e no centro do assento da cadeira; (i) dois diferentes conjuntos de rodas e pneus
traseiros comercialmente disponiveis; (i) duas posicdes - anterior & posterior - do eixo das rodas traseiras. Os
resultados demonstram que, para uma mesma configuracio de cadeira de rodas, a adicdo de corpos de pouca
massa (0,25 kg e 0,4 k) junto acs eixos das rodas traseiras provoca maior aumento da inércia rotacional do que a
adicao de 5,5 kg em posicdo centralizada. Similarmentes, o conjunto de rodas de maior massa resultou em maior
inércia rotacional, assim come a posicao posterior das redas (consequentemente maior comprimento da cadeira).
Este estudo contribui com duas diretrizes projetuais para cadeira de rodas: a massa do equipamento deve estar
concentrada, o maximo possivel, proximo ao centro de massa da cadeira; as medidas de comprimento & largura
devem ser as menores possiveis, de modo a diminuir as distancias dos extremos (e suas massas) anterior,
posterior e lateriais para o centro de massa do eguipamento. Designers devem, no processo de desenvolvimento
de cadeiras de rodas manuais, considerar os aspectos inerciais do eguipamento, de forma a favorecer o
desempenho da mobilidade de seus usuarios e, assim, sua funcionalidade, independéncia e qualidade de vida.

Palavras-chave: Cadeira de rodas, Mobilidade, Design, Tecnologia Assistiva.

Evaluation of Rotational Inertia of Manual Wheelchair:
implications for ergonomic design

Abstract

In the design of a manual wheelchair, the performance during mobility i one of the aspects of great concern,
due to the important limitation in the mobility among wsers. The mobility performance results, basically, from
the eguation between wser’s manual efforts, wheelchair inertial properties and rolling resistance (mainly the
friction between the wheel: and the surface). The designer can intervene in thiz equation - and thus in the
mobility performance - by addressing the inertial aspects of the equipment. For straight-forward displacements,
wheelchair total mass is the main inertial component. In comtrast, for tuming trajectories and maneuvers,
rotational inertia of the system plays an important role. The aim of this study was to evaluate the influence of
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adding mass (and its location) and the use of two different sets of rear wheels on the rotational inertia of a
manual wheelchair. & platform instrumented with force sensors and optical encoder was used to measure the
rotational inertia of the wheelchair. Measurements were taken in three different situations (all them with the
same wheelchair): (i) addition of mass in the wheels and in the center of the seat; (i) two different sets of
commercially available rear wheels; (iii) two positions - rearward and fonward - of the rear wheels' axle. The
results show that, for the zame wheelchair configuration, the addition of low weight bodies (0.25 kg e 0.4 k) in
the rear wheels led to a greater increase in the rotational inertia of the system than adding 5.5 kg in the center
of the seat. Similarly, the heavier set of rear wheels resulted in greater rotational inertia, as well as the
rearward position of the rear wheels axle. This study contributes with two ergonomics guidelines for the design
of manual wheelchairs: the equipment mass should be concentrated, as possible, close to the center of mass of
the chair; the wheelchair length and width should be as small as possible, in order to reduce the distances to the
wheelchair center of mass. In the design process of manual wheelchairs, designers should consider the inertial
aspects of the eguipment, in order to improve mobility performance and, thus, benefiting users” functionality,
independence and quality of life.

Keywords: Wheelchairs, Mobility, Design, Assistive Technology.
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1INTRODUCAO

& locomocao & uma caractenistica essencial do ser humano, necessaria para
o desempenho da maioria das atividades de vida diaria. Para muitas pessoas
com limitacdo da mobilidade, a cadeira de rodas € o dispositiva de
assisténcia através do gual a locomocdao pode ser desempenhada. Mo
entanto, comparada a outras formas de locomocdo, a propulsdao manual de
cadeira de rodas & um modo altamente ineficiente de locomogao (VAH DER
WOUDE et al., 2001).

Em sua forma mais tradicional, a cadeira de rodas manual, o usudrio se
locomove por meio da aplicacao de forgas (impulsdes) nas rodas traseiras de
forma rtmica, & a intensidade, simetria e frequéncia com as guais tais
forcas sao aplicadas determinam a velocidade e trajetoria do movimento, A&
partir de uma perspectiva mecanica, o movimento resultante representa o
equacionamento entre as acdes do wusudrio, os aspectos inerciais do
equipamento e a resisténcia ao movimento das rodas (SPRIGLE, 2009). Heste
sentido, o design e configuragac da cadeira de rodas assumem grande
relevancia, pois afetam os aspectos inerciais e, como resultado, a atuacao

do usuario na locomocao.

Este estudo tem como objetive avaliar a influéncia do design e configuragao
de cadeiras de rodas manuais na inércia rotacional (IR) do sistema. Este
conhecimento possibilita, em dltima analise, compreender de que forma a
atuacdo do usudrio pode ser influenciada pelo design e configuracdo do
equipamento. Contribui, portanto, para a atividade de designers,
fabricantes e demais profissionais que trabalham diretamente com o projeto
e producdo de cadeira de rodas, a fim de que os produtos desenvolvidos

oferecam melhores condicdes de mobilidade aos usuarios.

Revista D.: Avaliacao Da Inércia Rotacional De Cadeira De Rodas Manual: implicaches para o design ergondmico

BEW Z177-4E70

129



Revista D.: Desi

Sociedade e Sus

t I_.'I itabilidade

2FUNDAMENTACAO TEORICA

7.1 Problemas ergondmicos na mobilidade em cadeiras de rodas manuais

Estudos apontam alta prevaléncia de dor nos membros superiores entre

usudrios de cadeira de rodas manual, especialmente nos ombros & punhos
(ALM et al., 2008; CURTIS et al., 1999; SUBBARAD et al., 1994). A natureza

repetitiva da atividade de propulsdo manual tem sido apontada como um dos

fatores de sobrecarga mos membros superiores de usuarios de cadeira de

rodas (MITAHARA et
2004,

al., 1998; AMBROSIO et al., 2005; BOMINGER et al.,

Para um usuario de cadeira de rodas manual, as conseguéncias das lesdes de

membros superiores podem ser incapacitantes, uma vez que a locomogdo,

transferéncias da cadeira e a maioria das demais atividades da rotina diaria

sdo desempenhadas com os bragos e mios. a preservacdo da fungdo dos

membros superiores & condiu;én essencial para a independéncia funcional dos
usuarios de cadeira de rodas (PARALYZED VETERANS OF AMERICA
COHSORTIUM FOR SPIMAL CORD MEDICIME, 2005). Desta forma, € importante

que o design de cadeiras manuais busgue reduzir ao maximo a sobrecarga

biomecanica na propulsdo manual e aprimorar a eficiéncia na locomogao.

Possivelmente devido

a elevada carga biomecanica relacionada a atividade

de propulsac manual, os usuarios de cadeira de rodas tém importantes

limitagdes na locomogdo independents por longas distincias, rampas e em

terrenos com aclives.

Hestas situagdes, mover-se sem a ajuda de terceiros

representa um desafio extenuante, dificil e, por vezes, impossivel de ser

superado. Recentes

estudos possibilitam a compreensac do impacto da

limitacao de mobilidade na rotina diaria: a média de distancia percorrida em

um dia, através da marcha normal, por adultos sem deficiéncia é de 6 a 7,5

km (BOHAMMOM, 2007), enguanto gue usuarios de cadeira de rodas
percorrem de 1,5 a 2,5 km (KARMARKAR et al., 2010; LEVY et al., 2010;
TOLERICO et al., 2007).
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Para os profissionais gue trabalham com o design, configuracao e fabricacao
de cadeira de rodas, talvez mais importante do que saber o guanto as
pessoas e movem seja entender como se movem. Esta guestao & essencial
para se compreender de que forma o design da cadeira de rodas pode afetar
a mobilidade de seu usuario, assim contribuindo para o desenvolvimento de
produtos mais adequados ac modo de utilizagdo, necessidades e
expectativas dos usuarios. Embora o tempo de ocupacao didria da cadeira
seja relativamente longo (aproximadaments 11 horas/dia), em apenas
aproximadamente 10% do tempo os usudrios estio efetivamente em
movimento (Sonenblumet al., 2012). Sonenblumet al. (2012) estudaram a
mobilidade em cadeira de rodas, e encontraram que a locomocao na rotina
diaria dos wusudrios € caracterizada principalmente por peguenos e
numerosos “episodios de movimento” (aproximadamente distancia de 8,6

metros, duracao de 21 segundos e velocidade de 0,43 m/s)

2.2 A locomocio em cadeira de rodas manual

A dinamica de uma cadeira de rodas durante a locomogao didria &
influenciada pelas mudancas inerciais durante o inicio, a frenagem e as
curvas. A partir de uma perspectiva mecanica, dois fatores influenciam de
forma importante o movimento de uma cadeira de rodas manual: o atrito e a
inércia. Tais fatores sao manifestados como resisténcia ao rolamento das
rodas, atrito dos rolamentos, massa total € a distribuicdo de massa, entre
outros (SPRIGLE, 2009). Desta forma, as forgas manuais aplicadas pelo
usuario nos aros propulsores interagem com o atrito e as forgas inerciais, e o
resultado desta equacao de forcas & o movimento da cadeira de rodas que,

fisicamente, € representado pela sua energia cinética.

Uma cadeira de rodas manual pode ser entendida como a composigao de
sete corpos rigidos distintos conectados de tal forma a possibilitarem a
mobilidade: o quadro, as duas rodas traseiras, as duas peguenas rodas
dianteiras (casters) e os dois garfos que suportam, respectivaments, as
rodas dianteiras (Figura 1). O desempenho da cadeira de rodas durante a
locomocdo depende, em grande parte, dos aspectos inerciais de cada
componente e da configuracao destes no sistema (cadeira de rodas).
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Do ponto de vista mecanico, para movimentos em trajetoria retilinea, o
aspecto inercial mais importante € a massa total do sistema. Neste sentido,
quanto maior a massa total da cadeira, tanto maior sera a dificuldade do
usuario em impor aceleragdes e desaceleragoes - tais como ao iniciar e frear
- no movimento. Por outro lado, quando a trajetoria € curvilinea ou mista
(alternancia de diregoes do movimento), a inércia de cada um dos
componentes e suas posigoes relativas ao centro de massa na geometria do
sistema assumem papel importante, pois determinam a inércia rotacional
(IR) do sistema (MEDOLA et al. 2014a). A IR (ou momento de inércia) € uma
medida da resisténcia que um corpo oferece ao movimento de rotacao,
sendo o analogo rotacional da massa no movimento linear. Desta forma, €

dependente da massa e do raio do objeto, conforme demonstrado abaixo:

I =m.r?

Na pratica, isto sugere que quanto maior a massa das rodas traseiras,

maior sera o esforco do usuario para impor a cadeira uma trajetdria
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FIGURA 1

Sete
componentes
essenciais de uma
cadeira de rodas:
(a) quadro; (b)
rodas traseiras;
(c) rodas
dianteiras
(casters); (d)
suporte ou
“earfo” dos
casters.

Fonte: Elaborado pelo
autor, com base na
pesguisa realizada
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curva. Considerando que a locomogao em cadeira de rodas na vida diaria
compreende pequenos deslocamentos e constante alternancia de diregao
da trajetoria (Sonemblumet al., 201%), a distribuicdo de massa no
equipamento & um fator tdo ou mais importante do que a massa total do

sistema.

A atuacao do usuario sobre a cadeira de rodas manual ocorre por meio das
forcas aplicadas ao aro propulsor (tubo cilindrico metalico acoplado as rodas
traseiras), em um padrao ritmico gue define duas fases: togue (guando o
usuario tem suas maos em contato com os aros propulsores); e fase de
recuperacao, quando o usudrio libera as méos dos aros e as balanceia para
tras, com o objetive de alcancar novamente os aros e iniciar nove ciclo
propulsor.

Portanto, o wsudrio consegue alterar a diregdo do movimento somente guando
aplica nestes forcas assimétricas. Durante a fase de recuperacdo, quando as
maos sao liberadas dos aros, a cadeira de rodas assume trajetoria retilinea.
Pode-se concluir, a partir do exposto acima, gue a locomogao em trajetoria
curva compreende a alternancia entre trajetdria curva e retilinea. Para manter
a cadeira em uma trajetdria curva, o usudrio “luta™ para alterar a diregao do
movimento de uma cadeira cuja tendéncia & deslocar-se em linha reta. Hesta
situagdo, tanto a massa das rodas traseiras guanto a distdncia destas para o
centro de massa do eguipamento determinam a dificuldade do usuario em girar

a cadeira ou mover-se por uma trajetoria curva.

0 presente estudo tem como objetivo avaliar a influéncia da massa,
distribuicdo de massa e configuragao da cadeira de rodas na inércia
rotacional do sistema. Este conhecimento pode comtribuir mo entendimento
dos aspectos inerciais de uma cadeira de rodas, bem como a importancia de
s2 considerar esta visao mecanica e ergondmica mo design, configuracdo e

fabricacdo de cadeira de rodas.

3MATERIAIS E METODOS
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Este estudo foi realizado no Rehabilitation Engineering Applied Research
Laboratory (REAR Lab), Cemter for Assistive Techmology and Emvircnmental
Access (CATEA), Georgialnstituteof Technology, Atlanta, Estados Unidos.

3. 1Materiais

A cadeira de rodas utilizada no estudo permite o ajuste da posigdo
horizontal {na direcdc anterior-posterior) do eixo das rodas traseiras em
44,5 mm. Este ajuste & comumente presente em cadeiras de rodas manuais,
e possibilita ao usudrio ajustar a posicde das rodas de acorde com a
estabilidade desejada. Quanto mais a frente as rodas, melhor o alcance das
maos durante o contato com os aros propulsores, porém a cadeira tem
menos estabilidade traseira. Uma vez que este ajuste altera o comprimento
da cadeira, tambeém foi avaliado no que diz respeito aos efeitos na IR do

sistema.

A avaliagdo da IR de cadeira de rodas foi realizada com a plataforma
iMachine (EICHOLTZ et al., 2012), que € um equipamento composto de uma
plataforma giratdria instrumentada com trés células de carga dispostas
triangularmente e equidistantes umas as outras e ao centro da plataforma,
onde ha um encoder otico (Figura 2). As informagdes dos sensores de massa
{células de carga) e de rotacdo da plataforma (encoder dtico) sao coletadas
por um dispositivo de aguisicao de dados conectado a um computador, onde
o5 dados sao analisados em programa desenvolvido em ambiente Labview 7.0
(Hationallnstruments, Austin, TX, USA).
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3.2Métodos

O procedimento de avaliacao consiste em posicionar a cadeira de rodas
sobre no centro plataforma, o que € facilitado pela visualizagao em tempo
real das massas registradas pelas trés células de carga, permitindo assim ao
operador ajustar a posicao da cadeira até que a condicdo ideal seja
atingida.

Apds garantir o posicionamento da cadeira de rodas no centro da
plataforma, uma alavanca € acionada para produzir um deslocamento na
plataforma que, apos liberada, oscilada em torno de um eixo que cruza
verticalmente o centro da plataforma, em rotagao com frequéncia
aproximada de 1,25 Hz. A partir das medidas de massa e periodo de
oscilagdo da plataforma, obtém-se a inércia rotacional do sistema. Paracada
medida, este procedimento foi repetido por cinco vezes, e a meédia dos
valores medidos foi entdo calculada.

Em todos os testes, foi utilizada a mesma cadeira de rodas (modelo Aero Z,
Tilite). No entanto, com o objetivo de comparar os efeitos de diferentes
configuragoes de cadeira de rodas na IR do sistema, dois diferentes pares de

rodas traseiras foram utilizados (Figura 3). Os efeitos da posigao horizontal
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FIGURA 2
iMachine -
equipamento
para medicao da
inércia rotacional
de cadeira de
rodas: oscilagdo
da plataforma em
eixo normal a
intersecgao das
coordenadas x e
y.

Fonte: Elaborado pelo
autor, com base na
pesquisa realizada.
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do eixo das rodas também foi investigada, pois a cadeira utilizada permiteo
ajuste horizontal (anterior-posterior) das rodas traseiras em 44,4 mm.
Ainda, foi avaliado o efeito da adicao de corpos de diferentes pesos em nas
rodas e no centro do assento na IR do sistema.

FIGURA 3

Dois modelos de
conjunto pneu-
roda: (a) pneu
com enchimento
a ar e roda multi-
raios; (b) pneu
macico € roda

com raios largos.
Fonte: Elaborado pelo
autor, com base na
pesquisa realizada

(b)

Para apreciacao dos resultados, s3ao apresentadas as meédias das cinco
medidas realizadas da IR para cada configuracao da cadeira de rodas.

4RESULTADOS

A analise dos efeitos do acréscimo de corpos de diferentes pesos nas rodas
ou em posicao central do assento da cadeira de rodas demonstra que, de
uma forma geral, a distribuicao de massa € mais determinante para a IR da
cadeira de rodas do que propriamente sua massa total. Conforme
demonstraa Tabela 1, o acréscimo de 0,25 kg no eixo de cada roda traseira
resultou em maior aumento da IR (5,9%) do que o acréscimo de 5,5 kg
(2,36%) no centro do assento.
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Configuracao da
Cadeira de Rodas

Massa Total
(kg)

IR média
(kg.m2)

Porcentagem de
aumento em
relagdo a
configuragio
original

Cadeira de rodas
com configuragio
original

12,15

1,1

Cadeira de rodas +
0,25 kg no eixo de
cada roda traseira

12,65

1,166

5.9%

Cadeira de rodas +
0,4 kg no eixo de
cada roda traseira

12,95

1,21

9%

Cadeira de rodas +
1,2 kg no centro do
assento

13,35

1,102

0,09 %

Cadeira de rodas +
5,5 kg no centro do
assento

17,65

1,17

2,36 %

A mudanca de configuracdo de uma mesma cadeira de rodas, ou seja, a
posicdo do eixo das rodas traseiras e o conjunto roda/pmeu utilizado -
tambeém afetou a IR do sistema (Tabela 2). Enguanto a posicao do eixo das
rodas traseiras modifica a peometria mantendo-se a massa total da cadeira,
o conjunto pnewfroda altera a distribuicdo de massa, em uma mesma
geometria. Considerando ambas as situagdes, o menor valor de IR foi
encontrado com a configuracdo gue combinou a posicao anteriorizada do
gixo das rodas traseiras e os pneus a ar / rodas multi-raios (1,073 kg-m%).
Por outro lado, a combinacdo entre posicdo posteriorizada do eixo das rodas

traseiras e pneus macicos / rodas raio largo apresentou a maior IR, 11%

maior em relagao a configuracdo de menor IR.
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TABELA 1

Efeitos da adicao
de corpos de
diferentes massas
em diferentes
posicies na IR do
sistema
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. . Porcentagem
E::?:;ago o Conjunto Pneu /  Massa :‘Eédia de aumento
t - roda (kg) ke.m?) M relacao a

raseiras (kg.m*) menor IR

Pneus a ar f Rodas

Anterior o 12,15 1,073
multi-raios
Posterior Preusaar fRodas 45 45 g 401 2,6%
multi-raios
. Pneus macicos / )
Anterior Rodas raio largo 13,30 1,169 8,94%
. Pneus macicos /
Posterior Rodas raio largo 13,30 1,1 11%
EDISCUSSAD

O presente estudo demonstrou que o design e configuragao de cadeiras de
rodas manuais determinam a inércia rotacional de um equipamento e,
portanto, afetam as cargas impostas ao usuario durante a locomocdo e a
dirigibilidade da cadeira. Ainda, os resultados demonstram que a
distribuicac de peso na geometria da cadeira de rodas exerce maior
influéncia na IR da cadeira de rodas do que sua massa total sendo, portanto,
um aspecto de atengao para designers e fabricantes de dispositives de

mobilidade sentada.

0s resultados deste estudo devem ser compreendidos a partir da perspectiva
das implicagdes do design e configuracdo da cadeira de rodas na mobilidade
do wsuario. Especificamente, a IR do sistema afeta a dirigibilidade do
dispositivo, em especial a realizacio de mancbras de giro sobre o proprio
eixo & a locomocdo e trajetdrias curvas ou mistas. Os movimentos em
trajetoria curvilinea merecem destague, uma vez gque sao caracterizados
pela alternancia entre giro da cadeira & movimento retilineo. Durante o
deslocamento em trajetoria curva, o usuario consegue fazer com gue a
cadeira gire apenas quando aplica forcas assimétricas nas duas rodas. A
partir do momento que libera as maos do aro (movimento necessario para

imiciar um novo ciclo propulsor), a cadeira assume movimento retilineo,

TABELA 2
Influéncia do
conjunto pneu f
roda e da posicao
das rodas
traseiras na IR do
sistema
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conforme demonstrado em um recente estudo (MEDOLA et al., 2014a).
Portanto, nesta situacdo, quanto maior a IR do sistema, maior a dificuldade
do usuario em retirar a cadeira de um movimento retilineo e assumir

trajetdria curva.

0Os resultados do presente estudo podem ser correlacicnados com o estudo
de MEDOLA et al. (2014a), que demonstraram gue, para movimentos em
trajetoria retilinea, o principal componente inercial da energia cinética € a
massa total da cadeira e sua velocidade em deslocamento translacional. Em
outras palavras, para deslocamentos em trajetdria retilinea, a energia
cinética em rotacao (giro da cadeira ou movimento curvilineo) & desprezivel
e, portanto, a massa total da cadeira € o principal componente inercial. Por
outro lado, para manobras de giro da cadeira sobre o proprio eixo, o
principal compenente inercial da energia cinética refere-se a inércia
rotacional do sistema que, conforme demonstrado no presente estudo,
decorre diretamente e & mais dependente da distribuicic de massa na

geometria do sistema do que de sua massa total.

0 processo de desenvolvimento de uma cadeira de rodas manual, no ambito
do design ergondmico, envolve a concepgao de um dispositive de mobilidade
para pessoas com deficiéncia, de forma a reduzir as cargas biomecanicas e
aumentar a eficiéncia da locomogdo e, desta forma, favorecer a
funcionalidade e independéncia do usuario. Os diversos aspectos do design e
configuracdo de cadeira de rodas manual que afetam a mobilidade foram
discutidos em um recente estudo (MEDOLA et al., 2014b). E também
objetivo do designer conceber um produto cujo uso proporcicne conforto e
satisfacio. No entanto, implementar todas estas qualificagdes em um dnico
projeto representa um desafio de dificil resolucae plena durante a pratica
projetual. Um exemplo: para melhorar o conforto na postura sentada do
usudrio de cadeira de rodas, a solugdo mais imediata seria aumentar as
dimensdes das superficies de suporte (assento, encosto, apoio para os pes,
apoio para os bracos), de modo a distribuir o peso do corpo por uma maior
area e, desta forma, reduzir a pressao em pontos especificos da interface

usudrio-cadeira. Mo entanto, tal solugdo implica em aumento da massa e
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alteragao da distribuicdo de massa do sistema. O uso de apoio de bragos, em
vista de sua localizagao nos extremos laterais do assento, aumenta a
concentracao de massa nesta regiao e, portanto, implica em maior IR do
sistema, conforme demonstrado no presente estudo. Além disso, um estudo
demonstrou que a posicdo do apoio dos pés influencia a IR do sistema e estd
diretamente relacionada ao desempenho na realizagado de manobras de giro
da cadeira de rodas (MACPHEE et al., 2001).

As implicacdes praticas para o design e configuragao de cadeiras de rodas
manuais podem ser resumidas em trés recomendacdes: (i) a massa total da
cadeira de rodas deve ser a menor possivel; (ii) a distribuicie de massa na
geometria da cadeira deve buscar concentrar a maior parte da massa
proxima ao centro de massa do sistema; (ifi) a cadeira de rodas deve possuir
menores medidas de comprimento e largura possiveis (medidas nas direcoes
anteroposterior e latero-lateral), reduzindo assim a distancia dos extremos
da cadeira para o centro do eguipamento. E importante ressaltar que
designers e fabricantes devem considerar que estas recomendacdes nao
podem ser compreendidas como regra geral para um projeto de cadeira de
rodas, uma vez que influenciam outros aspectos da interacdo entre usuario e
equipamento, tais como a estabilidade, seguranca e conforto do usuario. Mo
entanto, se consideradas como diretrizes, podem contrnibuir de forma
importante no desenvelvimento de um produto que ofereca condicoes

otimas de desempenho na mobilidade.

Apesar dos resultados demonstrarem o impacto das alteragdes na
configuracao da cadeira de rodas na IR do sistema, os mesmos nao indicam a
extensao com a gual a mobilidade do usuario & afetada. Apenas a partir de
testes gque avaliem os aspectos fisioldgicos & biomecanicos da locomocao em
cadeira de rodas manual & a percepgao de esforgo do usuario nas diversas
trajetdrias e manobras, serd possivel verificar as correlagdes objetivas entre
a configuracic do equipamento e as reais implicagbes a demanda de

trabalho do usudrio.
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6CONCLUSAD

Este estudo demonstrou gue o design e configuracao dos componentes de
uma cadeira de rodas manual afetam a inércia rotacional do sistema e,
desta forma, sua dingibilidade. Os resultados apresentados permitem
destacar duas conclusdes principais: a distribuicdo de massa na geometria da
cadeira de rodas € mais determinante para a inércia rotacional do que a
massa total; a posicao anterior-posterior das rodas traseiras determina o
comprimento da cadeira e, portanto, a inércia rotacional. & partir destas
conclusdes, podem ser destacadas duas diretrizes para o design de cadeira
de rodas, no que diz respeitc ao desempenho na mobilidade: concentrar
maior parte da massa em posicdo centralizada, proximo ac centro de massa
da cadeira de rodas; reduzir o maximo possivel - sem comprometer a
estabilidade - as medidas de compriments & largura da cadeira de rodas. As
implicacées ao usuario relaciomam-se, principalmente, aos desafios inerciais
mas diversas situacdes de mobilidade didra, que compreendem os
movimentos de partida, frenagem, aceleragies, mancbras de giro e
deslocamentos em trajetdrias mistas (com frequentes mudancas de diregio).
Futuros estudos devem buscar investigar, sob a perspectiva do usudrio, as
correlacdes entre o design e configuragdo de cadeira de rodas e as
implicagdes biomecanicas e fisioldgicas ao usudrio. As informagdes agui
apresentadas contribuem para a atuacdo de designers no desenvolvimento
de equipamentos gue priorizem o melhor desempenho na mobilidade, de
forma a favorecer a independéncia, participagdo comunitaria e qualidade de

vida dos usuarios de cadeira de rodas.
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ANEXO 11

DESIGN E DEFICIENCIA

Historia, conceitos e perspectivas

O uso bem-sucedido de um produto depende essencialmente da adequacao de
sua interface tecnol6gica com as caracteristicas fisicas, cognitivas e funcionais
do usudrio. A partir de uma perspectiva ergonémica, a inadequacao destes as-
pectos resulta em rufdo na interacao entre usuario e produto.

(...)

FAUSTO ORSIMEDOLA
LUIS CARLOS PASCHOARELLI




1 Este texto adota otermo
“pessoas com deficiéncia”,
com base em sua utilizag&o
na Convencdo sobre os
Direitos das Pessoas com
Deficiéncia da Organizagdo
das Nagdes Unidas

{ONU). Mais informacdes
séo disponibilizadas

pela Secretaria dos
Direitos da Pessoa com
Deficiéncia do Estado de
Séo Paulo (http://www.
pessoacomdeficiencia.
sp.gov.br/usr/
share/documents/
ConvencaoONUsobre%20
DireitosPcD.pdf)

Para uma parcela significativa da populagéo, o design de produ-
tos concebidos para atender a populacdo geral ndo é capaz de sa-
tistazer as necessidades e expectativas dos usudrios. Destacam-
se, dentre estes, as pessoas com deficiéncia’, que experimentam
limitacdes funcionais em muitas atividades da rotina diaria.

De acordo com o Censo Demogréfico de 2010 (BRASIL,
2010), dos mais de 190 milhdes de pessoas que residem no Bra-
sil, 23,9% apresentam algum tipo de deficiéncia, podendo esta
ser visual, auditiva, motora ou mental/intelectual. Isto demonstra
o potencial mercadoldgico em se aplicar design para esta parcela
da populagéo.

Para este grupe de usudrios / consumidores, o design desem-
penha um papel essencial na qualidade de vida, através de seu
potencial para favorecer a funcionalidade, independéncia e parti-
cipacdo social. No entanto, para a grande maioria dos produtos de
uso comum, a diferenciagdo dos mesmos ainda ndo contempla as
reais necessidades das pessoas com limitagdes funcionais que,
como resultado, continuam a expermentar as dificuldades, limi-
tagdes e frustragdes no uso de produtos.

E, portanto, funcdo do designer conhecer as relacées entre de-
ficiéncia e funcionalidade nas atividades cotidianas e implementa
-las no desenvolvimento dos diversos produtos e sistemas. Desta
maneira, torna-se viavel oferecer aqueles com deficiéncia inter-
faces tecnologicas que representem, efetivamente, alternativas
funcionais para o desempenho adequado de suas atividades dia-
rias. O presente texto tem como propoésito discutir os conceitos
e as relagdes entre design e deficiéncia a partir da perspectiva do
desenvolvimento de produtos.

DEFICIENCIA: ASPECTOS HISTORICOS

A compreensdo do processo histdrico relacionado & forma
como se “v&" a pessoa com deficiéncia € importante para o
entendimento das razdes pelas quais, aparte toda a politica de
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inclusdo social, ha ainda uma desvalonzacdo
social. Para o designer, & importante enten-
der aatual questéo da deficiéncia, pois a partir
deste entendimento pode-se conceber pro-
dutos e solucdes verdadeiramente inclusivas
e condizentes com o contexto atual.

O processo histérico sobre a questao da
pessoa com deficiéncia reflete o conjunto de
valores sociais, morais, filosoficos, éticos e
religiosos de diferentes culturas em diferen-
tes momentos historicos (Pacheco; Alves,
2007). Todos estes fatores determinaram a
forma com a qual as pessoas com deficiéncia
eram vistas, passando da marginalizagéo ao
assistencialismo, educacao, reabilitacao, inte-
gragéo e inclusdo social (Mazzotta, 1999). Em
uma perspectiva histérica, estas etapas nio
podem ser entendidas como separadas. Se-
gundo Amaral {(1995), mesmo nos dias de hoje
as diferentes posturas convivern e direcionam
préaticas e politicas plblicas. E importante gue
o designer compreenda a evolugdo histdrica
das questdes da pessoa com deficiéncia na
sociedade, de forma a inserir sua abordagem
projetual em um contexto inclusivo modermno.

A marginalizacéo da pessoa com deficién-
cia, segundo Silva (1986), estava relacionada
aideia de que as deficiéncias, assim como
uma parte das doengas, eram manifesta-
coes de espiritos, demoénios ou formas de
punicdo por pecados cometidos. Desta for-
ma, as pessoas com deficiéncia eram postas
a margem da sociedade. O crescimento do
Cristianismo trouxe uma nova visdo de ho-

mem — criacéo e manifestacéo divina - &, 0s
deficientes passaram a ser vistos como pes-
s0as que necessitam de ajuda, abrindo es-
paco para uma abordagem assistencialista, a
qual vinha sobretudo das familias e da igreja
(Aranha, 1997). Entretanto, tais cuidados ndo
garantiam a inclusdo e integracdo dos defi-
cientes na sociedade.

Os avangos da medicina trouxeram uma vi-
530 biolégica e cientifica da deficiéncia, afas-
tando-a da visdo teolégica (Aranha, 1997).
Mais adiante, a revolucdo industrial trouxe a
necessidade de formar cidaddos produtivos,
com o objetivo de aumentar a méo-de-obra, e
os deficientes passaram a ser vistos como po-
tencialmente capazes de desempenhar ativi-
dades dentro de um sistema produtivo indus-
trial (Aranha, 1997). Surge, assim, um periodo
(a partir da segunda metade do século XIX)
voltado para a educacéo da pessoa com defi-
ciéncia como resultado da preocupagdo com
o potencial de trabalho, quando passam a ser
criadas organizacbes especificas para esta fi-
nalidade (Pacheco; Alves, 2007).

A visdo reabilitadora da pessoa com defi-
ciéncia ganha forca apos as Grandes Guerras
Mundiais, devido ao elevado numero de sol-
dados feridos de guerra. A crescente preo-
cupagdo com a responsabilidade social para
com as pessoas com deficiéncia induziu a
integracéo de especialistas de diversas éreas
— da saude, socials e engenharias - em equi-
pes multidisciplinares, em busca de solugdes
para a reabilitacdo destas pessoas (Salimeni,
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1996). Neste sentido, é importante destacar
que a deficiéncia deve ser entendida como
um fendmeno biopsicossocial &, portanto, a
reabilitacdo da pessoa com deficiéncia em
seus aspectos biolégicos, psiquicos e sociais
& também objeto do processo de design de
produtos e sistemas, de forma a melhorar a
qualidade de vida da pessoa com deficiéncia.

O paradigmada inclusdo social vai além da
integacdo, uma vez que requer que ambos —
pessoa com deficiéncia e sociedade — sejam
partes atuantes das mudangas necessérias
para a inclusdo plena (Pacheco; Alves, 2007).
MNa pratica, para que a inclusdo social seja
garantida, & fundamental que as oportunida-
des sejam equiparadas a fim de que todas as
pessoas —com ou sem deficiéncia — tenham
acesso atodos os servicos, ambientes e pro-
dutos na busca da realizagio de seus sonhos
e objetivos (Sassaki, 1997). E neste universo
que o design deve desenvolver sua aborda-
gem projetual, buscando conceber produtos
e sisternas que satisfacam as necessidades,
expectativas e desejos de toda a diversidade
de usuarios, de forma a garantir a indepen-
déncia, funcionalidade, seguranca e satisfa-
¢ao no processo de uso dos produtos.

DEFICIENCIA, INCAPACIDADE E
DESVANTAGEM

A "Classificacdo Internacional de defici-
éncias, incapacidades e desvantagens: um
manual de classificagdo das consequéncias

das doengas” (CIDID) foi publicada em 1989
como a traducdo do documento originial
(ICIDH - International Classification of Im-
pairments, Disabilities and Handicaps) cria-
do durante a IX Assembléia da Organizagéo
Mundial de Saude, em 1976. A proposta de
classificacédo da conceituacédo de deficiéncia
representa um referencial unificado aplicavel
avarios aspectos da saude e da doenga.

De acordo com Amiralian et al. (2000), a
CIDID estabelece com objetividade, abran-
géncia e hierarquia trés importantes con-
ceitos: deficiéncia, como sendo a perda ou
anormalidade de estrutura ou fungéo psico-
logica, fisiolégica ou anatémica, temporaria
ou permanente refletindo, portanto, um dis-
tarbio ou perturbacdo de cardter organico;
incapacidade, como a restricdo, resultante di-
retamente de uma deficiéncia, da habilidade
para desempenhar uma atividade tida como
normal do ser humano; e desvantagem, como
sendo o prejuizo para o individuo, resultante
de uma deficiéncia ou uma incapacidade, que
limita ou impede o desempenho de suas habi-
lidades de acordo com a idade, sexo, fatores
socials e culturais, refletindo assim a socializa-
cdo da deficiéncia.

Ha ainda, um grupo de pessoas que apre-
sentam limitagdes funcionais para a mobilida-
de mas que ndo se enquadram no conceito
de pessoa com deficiéncia. De acordo com
a Norma Brasileira ABNT NBR 14022 (2008),
sd0 aquelas pessoas que possuem, por qual-
quer motivo, dificuldade em movimentar-se,
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em carater tempaorario ou permanente, resul-
tando em uma reduco efetiva da mobilidade,
flexibilidade, coordenagdo motora e percep-
cdo. Se enquadram neste conceito idosos,
gestantes e obesos, por exemplo.

E no ambito das incapacidades e desvan-
tagens que a praxis do design se concretiza.
Cabe ao designer compreender as implica-
coes funcionais e as iIncapacidades e desvan-
tagens decorrentes da deficiéncia, para entdo
propor solugées projetuais que busguem
eliminar ou reduzir as limitacées e potenciali-
zar a funcionalidade do individuo. Para tanto,
o design deve ser concebido a partir de uma
perspectiva holistica, integrando o individuo,
a deficiéncia e a incapacidade no desempe-
nho de umals) fungdoldes).

Tecnologia assistiva

O design & capaz de intervir no processo
deficiéncia-incapacidade-desvantagem atra-
vés do desenvolvimento de produtos, siste-
mas e ambientes que favorecam a funciona-
lidade da pessoa com deficiéncia em uma
certaatividade. O produto ou recurso tecnold-
gico cujo objetivo & assistin, ou seja, promover
assisténcia ou ajuda, a pessoas comdificulda-
des funcionais é chamado de dispositivo de
assisténcia, ajuda técnica ou, mais comume-
mente, Tecnologia Assistiva (TA).

O Ministério da Ciéncia e Tecnologia
(MCT) define a TA como aquela desenvolvi-
da para permitir o aumento da autonomia e
independéncia de idosos, de pessoas com

deficiéncia ou com mobilidade reduzida em
suas atividades domésticas ou ocupacionais
de wvida didria (MCT, 2009 apud Rodrigues et
al., 2010). A Classificagéo Internacional de
Funcionalidade, Incapacidade e Saude (CIF),
propée uma definicdo mais ampla para os pro-
dutos de TA: "qualquer produto, instrumento,
equipamento ou tecnologia adaptada ou es-
pecialmente projetado para melhorar a funcio-
nalidade de uma pessoa incapacitada” (OMS;
OPAS, 2003).

De forma geral, os produtos de TA sdo or-
ganizados em 14 categorias, gue abordam si-
tuacées especificas, conforme demonstra a
Figura 1. E possivel observar, desta forma, que
a TAtem insercdo e aplicagdo para uma grande
diversidade de problemas, condigées e situa-
cées que levam a incapacidades e desvanta-
gens. Consequentemente, ha um grande po-
tencial — e portanto oportunidades - de atuacao
dodesigner no desenvolvimento de produtos e
sistermnas para pessoas com deficiéncias.

Design e deficiéncia:
desafios e perspectivas

Os avangos tecnologicos e cientificos tém
contribuido para que, de uma forma geral, as
pessoas com deficiéncia consigam viver mais
e com melhor qualidade de vida. Isto repre-
senta uma parcela da populagido com poten-
cial para participar ativamente da sociedade.
Portanto, & essencial que estas pessoas te-
nham condigdes adequadas para realizar suas
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Figura 1: Grupos de produtos
e tecnologias para a pessoa
com deficiéncia sequndo a CIF
(OMS; OPAS, 2003).

Fonte: Autores.
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atividades com desempenho, seguranca e
conforto satisfatdrios.

Até pouco tempo, a inclusdo social pode-
ria resumir-se a simplesmente adequar produ-
tos, ambientes e sistemas 4s necessidades
e caracteristicas das pessoas com deficién-
cia. Atualmente, € necessario ainda oferecer
oportunidades e condigbes atrativas para que
estas pessoas participemn de modo ativo nas
diversas atividades humanas. Neste sentido,
& importante considerar que, em muitos as-
pectos da vida cotidiana, a inclusdo ndo esta
ao alcance de grande parte das pessoas com
deficiéncias, permanecendo ainda distante o
ideal de sociedade inclusiva.

MNeste sentido, a questdo central e norte-
adora da praxis do design, sob a perspectiva
inclusiva, refere-se ao projeto de produtos,
sistemas e ambientes para uso igualitario &
indiscriminado. Em outras palavras, o desafio
& projetar para incluir sem, entretanto, dife-
renciar. Embora esta perspectiva possa pare-
cer de certa forma antagénica e ainda muito
distante de ser implementada, & vélido consi-
derar que a velocidade dos avangos tecnold-
gicos permite a criacéo de tals expectativas.
Assim, cabe ao designer acompanhar a evo-
lugdo dos recursos a que dispée e conceber
projetos para uso igualitario e indistinto para o
maior nimero de pessoas possivel.

O ponto de partida pode ser projetar o produ-
to de modo a considerar ndo apenas sua funcio-
nalidade, mas também sua estética seja atrativa
para todas as pessoas. Neste sentido, & vélido

retomar a concepcdo de design proposta por
Lobach (2001}, que descreve trés funcdes prin-
cipais do produto: prética, estética e simbdlica.
Mo design para pessoas com deficiéncias, a fun-
cAo pratica refere-se aos aspectos funcionais no
processo de uso, ou seja, maximizar a funciona-
lidade e reduzir ou mesmo eliminar as incapa-
cidades. Entretanto, no atual quadro dos meios
de consumo globalizado, os aspectos estéticos
& simbdlicos dos produtos devem ser neces-
sariamente explorados. Em um produto proje-
tado para uso igualitério e indistinto por todas
as pessoas, 0s aspectos estéticos e simbdlicos
devemn assumir grande relevancia, uma vez que
necessitam tornar o produto atrativo a todos &,
a0 mesmo tempo, ndo transmitir significado de
"assisténecia” que ressalte a deficiéncia.

Pensar o design para pessoas com defici-
éncia abordando a dualidade — incluséo e nao-
diferenciacdo — de forma indissociavel parece
ser o desafio emergente para uma nova viséo
de produtos assistivos. Para tanto, & neces-
sario que se conheca - com profundidade - as
interacdes fisicas, sensoriais e perceptuais
que ocorrem entre usuério, produto, atividade
e ambiente. O design assume, desta forma,
papel definitivo como uma ferramenta essen-
cial para a implementacdo dos principios da
inclusdo social e universalidade, através de
sua pratica projetual aplicada as interfaces
tecnolégicas dos diversos produtos, ambien-
tes e sistemas que compdem a vida cotidiana.
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ABSTRACT

Manual wheeldhairs are e=entia for people with dizabilities or limited mobility. Howsever, man-
ual propulsion causes biomechanical loads, including contact pressures on the palms of the
hands. The hand rirn design has received little attention over time, remaining almost unchanged
singe its areation. This study imvestigated how two different designs of such devices - one
standard and another with a contoured design - influence the contact pressure on the surface
of the hands. The procedures induded a figure-of-sight shape propulzion task on a regular floor,
using both model: on a wheeldhair, A pressure-mapping system coupled with a pair of fabric
glowes recorded the data The results show that the contoured hand nim provides lower pres-
sure in maost of the analysed regions. Considering that manual propulsicn is pefomned during a
considerable part of the day as a routine activity, improving the hand rim interface may benefit
the user’s comfort and safety during wheselchair use.

Practitioner summary: The design of the hand rim used in wheselchair propulsion influences
the contact pressure on the hands. Conventional round tube rims tend to concentrate high lev-

els of pressure on the distal phalanges and metacarpal regions. A contoured design generally
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provides better stability and promotes the distibution of pressure.

Abbreviations: AT: azsistive technology; kPa: kilopascal

Introd uction

Manual wheelchairs are assistive technology (AT)
devices that promote and/or improve the mobility of
people with disabilities or limited mobility (Medola
20100 Medola (2010) akbo defines manual propulsion
as the twechnigue of thythmic application of pushes on
the wheels for the user to control the movement of
the wheelchair. Although wheelchair propulsion allows
independent mobility, it has been related to biomech-
anical ovedoads on the upper limbs which, in the
long termn, may lead to the incidence of pain and inju-
ries. Dieruf, Ewer, and Boninger (2008) point out that
most lesions occur in individuals betwean the ages of
16 and 30, which implies a long duration of use and is
evidence of the importance of a suitable design for
this type of device. Mevertheless, manual propulsion
requires high force on the rear wheels to start motion,
sustain the movement, and brake or tum the wheel
chair (Medola, Elui, et al, 2014),

Such activity has a low mechanical efficiency (van
der Linden et al. 1996). Studies indicate that the

efficiency of manual propulsion is approximately 10%,
with only 50% of all forces exerted by the user being
applied in a forward direction (Arthanat and Strobel
2006). Athough there are alternatives which promote
greater efficiency, such as propulsion by levers or
cranks (Arnet et al. 2013), manual propulsion is widely
diffused, reaching up to 90% of use among the avail-
able types of propulsion (Rifai Sarmj et al 20170 In
addition to the cost, the reasons for this wide use
include greater flexibility in manoeuvring and mobility
for everyday situations.

Considering that a user stays in their whesalchair for
about 1T h per day (Sonenblum, Sprigle, and Lopez
2012), the interface between the hand and the rms
ooours many times, |t s estimated that a user propels
the hand rim once per second during the propulsion,
which characterses a highly repetitive activity (less than
a 30sec cyche). Assuming 40min of movement, there
are around 2500 propulions per day (Koontz et al
2006). Hence, the charactendstics of these devices, such
as sizz and shape, determine the stability of moverments,
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and the comfort and efficiency of the task (van der
Linden et al 1996; Medola, Elui, et al 2014).

Studies have also addressed how changes in wheel
chair mass, configurations, and accessories influence
the propulsion torgue and the demand on the upper
limbs (Bertolaccini et al. 2018; Sprgle and Huang
2015, Additionally, manual propulsion involves high
force peaks, because there is always a short interval of
force application and a recovery perod (Arnet et al,
2013). These peaks generally occur with extreme wrist
postures, which increase the incidence of upper limb
injuries associated with the use of this device
(Arthanat and Strobel 2006; Zukowski et al. 2017;
Mandy, Redhead, and Michaelis 2014).

Most of the standard hand rims are characterised by
a round metal tube with a 20 mm cross-sectional diam-
eter, located on the postedor side of the wheels
(Medola, Silva, et al 2014; Dieruf, Ewer, and Boninger
2008). This configuration has been widely used for at
least S0years, mainly because of its simplicity and low
manufacturing and maintenance costs (Koontz et al
2006). However, this configuration does not offer ergo-
nomic features, often requirng distal phalange grips,
exposing sensitive regions of the hands to potentially
damaging conditions. Because this requires extra mus-
cular activity to stabilise the hands, the force is concen-
trated in a few regions of the hand, increasing the
contact pressure (Medola, Silva, et al. 2014,

Commonly, the users of these devices end up adopt-
ing strategies to relieve the contact pressune. Among
these strategies is the tedhnigue of simultaneously hold-
irg the hand rirm and the tire or even holding only the
tire (Koontz et al. 2006). Modifying the design of such a
propulsion device is an appropriate approach to improv-
ing the mobility and independence of its users (Dierdf,
Ewer, and Boninger 2008). Small changes in design are
enough to modify mechanical efficiency (van der Linden
et al. 1996), Thus, some studies have addressed changes
in the design of the hand rims, conduding that larger
tube diameters or anatomical contours are evaluated as
being better by their users (Koontz et al. 2006; Dieruf,
Ewer, and Boninger 2008 van der Linden et al. 1996;
Medola et al 2011). In addition, the hand dm diameter
iself seems to be determinant of the contact pressune
with the hand (Kabra et al. 2015).

Medola et al (2012) proposed a hand rim design
based on greater contact surface and anatomical
shape for a comfortable, stable and efficient coupling
with the hands during manual propulsion. This design
distributes the contact pressure on an outer surface
for the palm of the hand. Also, it provides an upper
surface for the positioning of the thumb, as well as a

bottom side with smooth depressions that help the
index finger to push the wheel forward. The hand fim
designed by Medola et al. (2012) was expected to
reduce the manual forces applied to hold the hand
rim, thus enhancing the hand rim force component
that effectively moves the wheels forward,

Howewver, even in an interaction with relatively low
forces, relatively high levels of pressure may occur
during the use of a product as a result of a concentra-
tion in a small area. High contact pressures on the
skin result in discomfort pain and ischaemia. Uneven
pressure distribution on a palmar grip can lead to
pressures of up to 80kPa in the distal phalanges
[Harih and Dolsak 2014).

Goossens et al. (2000) emphasise that the combin-
ation of pressune and shear is responsible for the total
mechanical load on the skin. The authors mention
studies in which it was possible to interrupt the blood
flow in the palm with a pressure of 9.8 kPa. In their
study, the authors reproduced the same shear force
under the skin, wvarying the pressure parameters
applied on the skin, Their findings demonstrate that
the reduction of blood flow was the same in all
combinations.

Armstrong (1985) also emphasises the effect of
exposure time. The author poimts out that constant
pressures of 10.5 kPa are enough to damage the skin
Also, it is notable that the proportional effect of the
product between pressure and time = e, a pressure
of 10kPa applied for four hours = has the same effect
on the skin as a pressure of 400kPa applied for one
hour. Aldien et al (2005} discussed pain and discom-
fort threshoelds according to the regions of the hand
The authors indicate a 188 kPa discomfort threshold,
while Fransson-Hall and Kilbom (1993) indicate a value
of 104kPa. The differences found in studies on the
subject indicate that although there s a connection
between contact pressune and discomfort, it is still not
well defined (Harih and Dolsak 2014).

Thus, the analysis of contact pressure levels
between hands and the hand rms during propulsion
activities with manual wheelchairs can provide imipon-
ant information about the ergonomic characterstics of
this interface. The aim of this paper is to evaluate the
contact pressure distibution on the palms during
wheelchair propulsion with two types of hand rims,

Materals and methods

Subjects

Thirty-one able-bodied subjects paricipated in this
study. All were male and young adults, aged between
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18 and 29 years old. Because we had only one pair of
gloves, reducing the range of hand sizes to fit the
gloves was essential in order to keep the sensors cor-
rectly positioned during the activities. The mean age
of participants was 21.2years old (7= 24vears) and
the mean body mass was 728kg (r=122kg). The
average laterality coefficient was 66.1 ([r=29.1),
obtained using the Edinburgh Handedness Inventory,
onginally developed by Oldfield (1971), suggesting
moderated  rght-hand  dominance  throughout
the sample.

Among the participants, there were four ambidex-
trous individuals and all the others were Aght-handed.
Because the wheelchair propulsion task is a bimanual
activity with symmetrcal charactenstics, there was mo
grouping factor, regardless of hand dominance. Only
one subject reported previous experience in wheal
chair propulsion. All volunteers signed an informed
consent form prior to their participation. The research
methods were submitted and approved by the
Research Ethics Committee of the School of
Architecture, Arns and Communication - FAAC/UNESP/
SP-Brazil (Technical Appraisal 800.424).

Experimental setup

The GhAip VersaTek Wireless System (Tekscan Inc)
recorded the contact pressure data, The pressure sen-
sors had been previously equilibrated, calibrated and
conditioned according to the manufacturer’s instruc-
tions. In addition, to facilitate the sensors’ positioning
during the activities, they wene coupled to a pair of
fabric gloves, The two-hand rim models of this study
were the same as those used by Medola, Silva, et al
(2014): a standard model, charactersed by a cylindrical
handle, with a metal tube of 20mm in diameter; and
a contoured model, developed by Medola et al (2012)
to provide support for more hand regions and greater
stability in the movement transmission. The contoured
hamd fm & made of polymer and was constructed by
rapid prototyping.

The activity consisted of moving along a path in
the shape of a figure of eight, starting with a straight
line motion, followed by a right curve, a second
straight line section and, lastly, a left curve. The activ
ity room had a regular and flat floor, and was air-con-
ditioned. Pror te data collecton, the researcher
demonstrated the wheelchair mobility task and
instructed the participants to: use smooth and long
pushes; keep the drive steady and avoid stopping the
wheelchain not rush, but instead get around comfort-
ably; push with both hands simultanecusly (except in
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curves); and keep the path line centred to the chair
during propulsion.

After the demonstration, each participant had three
minutes to familiarise themselves with the use of the
product and the activity. Then, the participant was
taken to the starting point of the route, the software
recording was initiated, and the subject started the
activity. The subject moved uninteruptedly through-
out until he reached the starting point again. A video
camera, positioned abowe the head of the subject,
recorded the activity. Figure 1 shows additional speci-
fications and the activity schematic.

After completing a lap, the subject stood to the
side of the chair, so the researcher could switch the
hand rim model After changing this, the process was
repeated. The sequence of the models was random.

Analysis

We exported the pressure records via Research
Software™, according to the hand rim models, each
hand, and the 17 sensitive regions of the system. The
treatment and inital analysis was carded out in
spreadsheets (LibreOfice Calc 4), and resulted in the
determination of pressure peaks and the removal of
inconsistencies (spikes or noise). Thus, the video
recording was also important to verify and to dismiss
any iregular behaviour during the subject’s activity
(e hand slips). The number of peaks at each path
segment varied due to the subject’s abilities. First and
last peaks (start and brake) were discarded, because
they might have contained high values that were not
representative of the activity. The analysis included
conditional means for the pressure peaks at the distal,
middle and proximal phalanges of the fingers, and for
the metacarpal, thenar and hypothenar regions, These
procedures brought more consistency to the collected
data, reducing the variability due to the users
inexperience.

We made tests for nomality (Shapiro-Wilk's test)
and homogeneity (Levene's test) assumptions. For
comparisons with nomal and homogeneous datasets,
we used the Student's t-test for dependent samples.
For those that dida't match those crteria, we used the
Wilcoxon  signed-rank test. The statistical analyses
were peformed using BM™ SPSS 277 software,

Results

The results are presented according to the path seg-
ments. Comparisons between the conventional and
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Figure 1. Activity schematic showing the parameters and procedures of the task. Source: Authors.

contoured hand rims were performed on the right
and left hands individually,

Straight line motion

During straight line motion, the use of the contoured
hand rim provided significantly lower contact pres-
sures for the right hand in the distal (r-test,
B30} =3502 p< 01), proximal (t-test #H30)=8.253,
o 07, metacarpal (Wilcoxon, Z=—4194, p< 01)
and thenar regions (Wilcoxon, £=—3.586, p < 01). In
the medial regions, there was a significantly higher
contact pressure  using the contoured device
(Wilcoxon, £=—4.684, p-.01). There was no signifi-
cant difference for the hy pothenar region.

The pressure levels for the left hand presented simi-
lar results: significantly lower levels of contact pressune
with the use of the contoured device in the distal (¢
test, B3I =2765 p=010), proximal [e-test,
t(30) =4.617, p=.000) and metacarpal regions (t-test,
t(30) =8.068 p=.000). The medial regions showed
significantly higher levels of contact pressure using
the contoured model (t-test 300 = —5671, p < 01),
and no significant difference was found for the thanar
and hypothenar regions. Figure 2 exhibits the average

pressure levels observed on the left and right hand for
each model during the straight line motion.

Right curve

In the right curve, the use of the contoured hand fdm
resulted in significantly lower contact pressures for the
right hand in the proximal (f-test, 030 =3.104,
o 01), metacarpal (Wikoxon, £=-3341, p<.01)
and thenar regions (Wilcoxon, £=2802 p- 01). As in
the previous situation, the contoured model provided
significantly higher contact pressure in the medial
region (Wiloxon, £=—4782, p- 01). For the distal
and hypothenar regions, them were no significant
differences.

The pressure levels behaved in a fairly similar man-
ner on the left hand, because the contoured
device provided lower contact pressure levels in the
distal (t-test, H30)=5697, p<.00), proximal [e-test,
(300 =4.119, p< 01} and metacarpal regions [i-test,
f30) = —4.801, p<.01). A significantly higher contact
pressure also occured in the medial regions when
using the contoured model (f-test §30)=—4.670,
p <01} Mo significant differences wene observed for
the thenar and hypothenar regions. Figure 3 exhibits
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Figure 4, Mean pressure levas at each hand region for the left and right hand in the left curve. Source: Authors

the average pressure levels observed on the left and
right hand for each model during the rght curve.

Left curve

During the left curve, the contoured hand rdm pro-
vided significantly lower levels of contact pressure for
the rnght hand in the distal (t-test, #30)=3.209,
o< 00), proximal (t-test, 0(30) = 6488, p - .01), meta-
campal (Wikoxon, Z=—-4840, p-.01) and thenar
regions (Wilcoxon, Z=—3782, p= 01). Like the previ-
ous situations, the contoured model provided signifi-
cantly higher contact pressure in the medial region
(Wilcoxon, £ =—4.684, p--.01L There was no signifi
cant difference for the hy pothenar region.

Conversely, on the left hand, the contoured hand
rim provided significantly lower contact pressures only
in the metacarpal region (Wilcoxon, Z= —4057,
p =000} Like the previous situation, in the medial
region there was a significantly higher contact pres-
sure using the contoured model [(t-test, f30)=2.907,
p < 01). For all other regions, there were no significant
differences. Figure 4 exhibits the average pressune lev-
els observed on the left and rght hands for each
model during the left turn,

Discussion

This paper addresses the contact pressure in the hand
and hand rim interface during manual propulsion,
considering different designs and movement trajecto-
ries. Thus, this study contemplates movement in
straight lines and curves on a regular and flat floor.
We observed lower contact pressures in the distal,
proximal, metacarpal and thenar f{only for the right
hand) regions with the contoured model However,
that device showed higher pressures in the med-
ial region.

On the other hand, the conventional round tube
hand rim concentrated pressure on distal phalanges
and the thenar and metacarpal regions of the hand.
This may be related to the small dimensions of this
interface, which favour a grip with the fingers' extrem-
ities. This is particulady relevant because the finger
tips are more sensitive and tendon forces are two to
three times greater when forces are applied to the dis-
tal regions compared with the medial phalanges
(Aldien et al, 2005; Hwang et al. 2011).

A small contact suface necessitates greater muscle
activity to stabilise the hand on the device, impairng
the use of muscle activity for propulsion. This may
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explain why users of this type of device simultan-
eously hold the hand rim and the tire to obtain a
more  suitable grip for  propulsion  (Medola,  Elui,
et al 2014,

Also, the levels of contact pressure found are close
to 50kPa in the hands, which may lead to injuries.
Fressure levels around 10kPa in some circumstances
are enough to interrupt blood flow or cause damage
to the skin (Armstrong 1985; Goossens et al. 2000).
Because the effects of contact pressure are also pro-
portional to the exposure time [Armstrong 1985) and
manual wheelchair propulsion 5 a repetitive routine
activity, it should be considered that pressure levels of
such magnitude may lead to discomfort or even pain.

However, this study has limitations that need to be
highlighted. First, the hand rim models were based on
similar wheels, but different types of tires, which may
have affected the rolling resistance (Medola, Elui, et al
2004 1t is also important to consider that the contact
forces during manual wheelchair propulsion may have
been overestimated, mainly because of the shear
forces and their influences on the sensors, which can
affect the contact pressure as well.

Hand size s another important factor that affects
the pressure distribution in such activities. However,
because we had only one pair of gloves, measuring
hand size would have been time-consuming; thus, we
decided not to evaluate hand anthropometry. As a
palliative measure, we restrained the sample character-
istics to improve data consistency. Also, we checked
the sensors’ positions before each trial to make sune
they were in the correct place.

it is also impoerant to note that only able-bodied
subjects participated in this study and, therefore, the
current findings may not be fully extended to ‘real’
wheelchair users. Indeed, there are differences in man-
ual propulsion pattems and efficiency between experi-
enced and inexpedenced wheelchair users (Croft et al
2013% Lenton et al. 2008; de Grot et al. 2003).
However, the novice users do not have some of the
habits expedenced users do, such as holding the hand
rim and the tire simultanecusly, which may affect
the results.

Lastly, we expect that there would have been con-
siderable learning effects on the pressure distribution
and pressure values if the volunteers repeated the
propulsion, following the path. Movice users may pro-
pel the wheelchair more erratically, creating pressune
peaks that do not represent ‘real’ values, That should
be highlighted, even considering our data treatment.
Experienced users should participate in a futune stage
of this study.
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Conclusions

The curent findings are useful to assess the contact
pressure distibution on hands during some propelling
tasks, such as straight line motion and turns on a
regular flat floor. Such data are valuable for emgono-
mists and practitioners in order to analyse how pres-
sure is distributed during such manoeuvres for both
conventional and contoured hand rims. In generl, our
results indicate that propelling a wheelchair is an
activity that exposes users to a high-risk factor regard-
ing hand contact pressures,

The contoured hand rim design was related to
reduced levels of comtact pressure on most hand
regions in comparson with the conventional round
tube device. Significantly less pressure was found in
distal and proximal phalanges of the fingers and in
the head of the metacarpals. However, we cannot nec-
ommend our current contoured design, because it
concentrated a high level of pressure on the med-
ial phalanges.

It is possible that this finding is due to the smooth
depressions at the inner edge of the device, for which
the medial phalanges are thought to provide a firm
and stable hand and hand rim coupling. While this
feature plays an impontant role in the stability of the
hands, it may result in higher pressure levels. We cur-
rently do not recommend this feature, because it can
harm the pressure distribution during manual propul-
sion. A texture on the inner edge of the hand rm
might provide additional support, although it might
not  significantly affect the pressure distribution
Further studies are needed to support this claim.

Although the current study contributes additional
knowledge about the mechanical interaction between
hands and the hand rm in straightforward and turn-
ing motions, these trajectories do not fully represent
the variety of manoceuvres that characterise wheelchair
mobility in daily living. Therefore, future investigations
should address the mechanical aspects of the interface
of the hand and the hand rim in manoeuvres such as
zero radius turns, acceleration, braking, ramp ascent
and descent, and wheelie manoeuvres, among others,
Also, the pressure distribution on hands is only one of
several aspects invelved in the mobility of wheelchair
users, Additional studies may clanfy the importance of
measuring contact pressure and its relation with other
aspects of manual propulsion.
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