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RESUMO

CONTROLE DE ROBÔ PARA AUXÍLIO EM CIRURGIA LAPAROSCÓPICA US-
ANDO QUATÉRNIOS DUAIS

Autor: Murilo Marques Marinho

Orientador: Antônio Padilha Lanari Bó

Programa de Pós-Graduação em Engenharia de Sistemas Eletrônicos e Automação

Brasília, abril de 2014

Este trabalho é dividido em duas contribuições complementares acerca do uso de manipuladores
robóticos seriais para auxílio em cirurgias laparoscópicas. Primeiramente, técnicas conhecidas para
robustez a singularidades e utilização da redundância são adaptados para o uso dos quatérnios duais
unitários, que têm algumas vantagens sobre as matrizes de transformação homogênea, enquanto
não possuem as singularidades naturais de representações mínimas. A performance das técnicas
adaptadas são avaliadas em uma simples tarefa simulada.

Utilizando estas técnicas, podemos controlar um robô para auxílio em procedimentos laparoscó-
picos. Diferentemente de robôs cirurgicos especializados, um robô serial pode ser utilizado para
diferentes procedimentos, diluindo os custos em vários procedimentos. Neste cenário, a segurança
do ponto pivotante deve ser garantida por software. Esse trabalho apresenta uma nova estratégia de
controle para um endoscópio usando manipuladores robóticos com ponto pivotante remoto progra-
mável. As referências para o movimento do endoscópio são geradas intuitivamente pelo cirurgião.
O método é avaliado em um ambiente cirúrgico simulado e apresentou resultados satisfatórios em
termos erros de posicionamento e geração do ponto pivotante.

Palavras chave: laparoscopia, dual quaternions, robotic manipulators.



ABSTRACT

ROBOT-AIDED ENDOSCOPE CONTROL UNDER LAPAROSCOPIC SURGERY
CONSTRAINTS USING DUAL QUATERNIONS

Author: Murilo Marques Marinho

Supervisor: Antônio Padilha Lanari Bó

Programa de Pós-Graduação em Engenharia de Sistemas Eletrônicos e Automação

Brasília, april of 2014

This work is divided in two complementary contributions concerning the use of serial-link
robotic manipulators in a laparoscopic surgery setting. At first, known techniques for singularity
robustness and redundancy exploitation are adapted to the use of unit dual quaternions, which
have some advantages over homogenous transformation matrices concerning compactness, while
not having singularities natural to minimal representations. The performance of the adapted
techniques is evaluated in a simple simulated task.

Using those techniques, we can control a manipulator robot to aid in laparoscopic procedures.
As opposed to specialized surgical robots, a serial robot might be used for different procedures,
lowering the involved costs. In such scenario, the safety on the pivoting point must be assured by
software. This work presents a novel control strategy for controlling laparoscopic tools attached to
robotic manipulators that makes use of a programmable RCM. The tool movement references are
generated intuitively by the surgeon. The method is evaluated in a simulated surgical environment
and presented satisfactory results, in terms of pivoting point generation error and tool positioning
error.

Keywords: laparoscopy, dual quaternions, robotic manipulators.
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Capítulo 1

Resumo estendido
“Scientia pro bono humani generis.”
–Ciência para o bem da humanidade

A cirurgia minimamente invasiva (CMI) está se tornando o novo padrão para as intervenções
no corpo humano, enquanto a cirurgia aberta torna-se um plano secundário [2, 3]. Ao analisar os
conceitos por trás ambas as técnicas, podemos ver claramente o porquê.

A cirurgia aberta foi o procedimento padrão quando o uso de anestésicos e anti-sépticos
generalizou-se, cerca de 100 anos atrás. Mesmo somente para fins de diagnóstico, a laparotomia
exploratória1 era a ferramenta comum para diagnosticar várias formas de doenças. O comprimento
de uma incisão de laparotomia na parede abdominal varia de acordo com o procedimento (5cm -
20cm), tendo que ser suficientemente longa para acomodar as mãos do cirurgião e proporcionar
uma boa visão operativa.

Embora permitindo ao cirurgião a melhor destreza possível, essas incisões tornaram-se temidas
pelos os pacientes e hospitais. Do ponto de vista dos pacientes, grandes incisões resultam em
longos períodos de recuperação para formar grandes cicatrizes, com considerável risco de infecção
pós-operatória. Além disso, no caso da laparotomia exploratória, esses riscos podem vir sem
recompensa, i.e. sem mais informações sobre a doença a ser tratada. Do ponto de vista de custo
para o sistema público de saúde, tempos de internação mais longos muitas vezes correspondem a
custos mais elevados.

Vários pioneiros contribuíram durante os últimos 100 anos para o desenvolvimento da lapa-
roscopia moderna, que é a versão CMI da laparotomia. Em vez de uma única incisão longa, a
laparoscopia usa uma ou mais pequenas incisões (2mm - 12 mm). O cirurgião utiliza um longo
endoscópio e instrumentos inseridos através destas incisões para diagnosticar e tratar doenças.
Após as técnicas laparoscópicas amadurecerem na prática médica, elas geralmente oferecem menor
trauma cirúrgico, menor tempo de internação, retorno mais rápido às atividades da vida diária e
uma melhor estética em relação às correspondentes técnicas de cirurgia aberta. Como desvanta-
gens, tempos de procedimentos mais longos e curvas de aprendizado mais íngremes normalmente
são relatadas [2, 3, 4].

1Laparotomia é uma forma de cirurgia aberta, envolvendo uma grande incisão através da parede abdominal para
acessar a cavidade abdominal.
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Tempos operativos médios [min] Tempos médios de hospitalização [dia]
Procedimento Cirurgia Aberta Laparoscopia Cirurgia Aberta Laparoscopia

NR 110 115 7.9 3.8
RCC 172.2 217.3 10 6.3
CI 133 112 3.3 3.2

Tabela 1.1: Comparação dos tempos intra-operatórios e pós-operatórios para 3 procedimentos
usando laparoscopia e cirurgia aberta. (NR = nefrectomia retroperitoneal, RCC = ressecção de
câncer colorretal, CI = colesistectomia em idosos)

Para fins ilustrativos, podemos comparar a cirurgias laparoscópica e a aberta em três procedi-
mentos diferentes no que diz respeito aos tempos intra-operatórios e pós-operatórios, como mostra
a Tabela 1.1 e discutidos a seguir. No caso da nefrectomia retroperitoneal2 (NR) [5], a laparosco-
pia proporcionou melhores resultados no que tange o tempo de internação, enquanto que tempos
operatórios são comparáveis entre os dois métodos. Outro estudo [4], compara as duas técnicas em
ressecções para câncer colorretal 3 (RCC). Seus resultados mostram que a cirurgia aberta exigiu
menos tempo intra-operatório, enquanto uma permanência hospitalar mais curta favoreceu a lapa-
roscopia. No último estudo [6], que é sobre a colesistectomia 4 em idosos (CI), a laparoscopia exigiu
um tempo intra-operatório menor e as técnicas demonstraram tempos de internação comparáveis.

Embora a laparoscopia seja agora vista como a técnica padrão em muitos procedimentos, foi
necessário superar o ceticismo que protegia os métodos clássicos de cirurgia aberta de mudanças
[2]. Além disso, como qualquer grande avanço da ciência, os avanços em laparoscopia foram
profundamente dependentes da evolução de outras tecnologias. Portanto, começamos por analisar
brevemente o contexto histórico da laparoscopia na próxima seção. Depois disso, o método cirúrgico
é cuidadosamente explicado na seção 1.2.

1.1 Contextualização histórica

Os conceitos pioneiros e métodos que definem a laparoscopia moderna são geralmente creditados
a Georg Kelling e Hans Christian Jacobaeus [2, 7, 8].

Em 1901, Kelling pesquisava soluções para hemorragia gastrointestinal para a cavidade ab-
dominal. Até então, o único método disponível para diagnóstico e tratamento dessa condição
era a laparostomia, que poderia agravar a condição do paciente. Além disso, no ponto de vista
econômico, Kelling queria encurtar tempo de internação de seus pacientes. Ele, então, admitou a
hipótese de que a injeção de ar no interior da cavidade abdominal5 poderia, por si só, parar tal
sangramento. Embora a maior parte da instrumentação médica ainda fosse bastante rudimentar

2A nefrectomia retroperitoneal é um tratamento para condições benignas e malignas relacionadas à lesões renais
e supra-renais. É constituída pela remoção parcial ou completa de um rim do paciente.

3Ressecção colorretal é a remoção cirúrgica de um tumor colorretal. É o único tratamento com intenção curativa
para o câncer colorretal[4].

4Colecistectomia é a remoção cirúrgica da vesícula biliar no tratamento de colecistite que afeta 23,7 % das pessoas
com 70 anos ou mais [6].

5Insuflação da cavidade abdominal com ar é chamado de pneumoperitônio na literatura médica.
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em 1901, Kelling realizou inúmeras experiências em cães vivos para ver os efeitos da insuflação de
ar no interior do tórax. Ele inseriu um cistoscópio6 através de um trocarte na cavidade abdominal
fechada para observar os efeitos da pressão de ar sobre os órgãos abdominais [7]. Apesar dele não
ter sido capaz de parar o sangramento com esta técnica, ela compõe a maior parte do processo
hoje conhecido como a laparoscopia [2, 9]. Nos anos seguintes, ele dedicou grande parte de seu
trabalho para aperfeiçoar as instruções de sua técnica. Essas instruções referem preparação do
paciente, contra-indicações e métodos de colocação para o trocarte [2].

Também em 1901, Jacobaeus realizou um procedimento semelhante em seres humanos e cunhou
o termo laparoscopia7. Em contraste com o método de Kelling, ele inseriu citoscópio sem insuflar a
cavidade abdominal com ar [9]. Ele era capaz de realizar esses procedimentos já que seus pacientes
tinham doenças que causavam acúmulo de líquido na cavidade abdominal8, emulando os efeitos
da insuflação de ar. Apesar de sua técnica diferir neste aspecto com o seu homólogo moderno,
Jacobaeus é o principal responsável pela popularização da laparoscopia. Em 1912 ele realizou
cerca de 97 laparoscopias para tratar diferentes patologias [2]. Naquela época, vários relatos foram
publicados em todo o mundo, mostrando que a técnica se espalhou. Relatórios vieram de vários
locais da Europa, como França, Itália e Dinamarca; bem como do Brasil [9].

Laparoscopia ainda só era utilizada como uma ferramenta de diagnóstico. Nos anos seguintes,
a laparoscopia floresceu como uma forma de medicina intervencionista, com os avanços na energia
elétrica que levaram à criação da luz incandescente. Depois da estagnação da pesquisa durante a
segunda guerra mundial, a laparoscopia, ironicamente, sofreu um período de esquecimento, devido
a deficiências no uso de equipamentos eletrônicos em procedimentos de esterilização e cauterização.
Além disso, havia muitas causalidades relacionadas com equipamentos de insuflação imprecisos.
Por essas razões, a laparoscopia chegou a ser proibida na Alemanha de 1956-1964 [2].

Para alguns pesquisadores, a questão não era se a laparoscopia era um bom meio de cirurgia,
mas se ela poderia tornar-se segura e previsível o suficiente. Nas mãos de muitos cientistas, como
Kurt Semm, Kalr Storz, Alvin Siegler, e Melving Cohen, a tecnologia veio para corrigir os problemas
existentes. Após a criação do insufladores automáticos, luzes frias, e ferramentas de cauterização
mais seguras, a previsibilidade dos procedimentos cresceu enormemente. Então, a revolução mais
recente foi o vídeo-laparoscopia por volta de 1985. Ela deu aos cirurgiões a capacidade de ver e
gravar as vísceras do paciente com o crecimento resolução e redução do tamanho dos equipamentos
ao longo dos anos [2].

Com esses avanços, a laparoscopia finalmente tornou-se uma forma segura de cirurgia e já está
profundamente inserida no paradigma médico atual. Seus benefícios incluem a visualização mais
precisa dos tecidos, menos dor pós-operatória, menor tempo de internação e melhoria estética. Di-
ante destes, a laparoscopia – sempre que possível – tornou-se o primeiro meio de cirurgia, enquanto
a cirurgia aberta repousa como um segundo plano se houver complicações [2, 3, 10].

O número e a complexidade dos procedimentos que podem ser feitos laparoscopicamente é
realmente enorme. De fato, em 2004, vários médicos escreveram um manual [10] descrevendo

6O citoscópio é uma forma rudimentar de endoscópio. O cirurgião tinha de olhar diretamente ao longo da direção
do eixo do instrumento e tinha visão bastante limitada.

7Na verdade, ele usou o termo laparotorascopia que evoluiu para laparoscopia.
8O acúmulo de líquido na cavidade abdominal é chamado de ascite na literatura médica.
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63 procedimentos laparoscópicos diferentes para tratar e diagnosticar muitas formas de doenças
apenas no abdômen e esôfago. Com o crescimento da quantidade de procedimentos possíveis,
laparoscopia tornou-se um termo aplicado genericamente a diferentes áreas do corpo. A fim de
melhor definir nosso problema, doravante limitamos o âmbito da laparoscopia para apenas os
procedimentos realizados no abdómen.

1.2 Formulação do problema

A versão moderna da técnica criada por Kelling e Jacobaeus é minuciosamente descrita no
manual da sociedade americana de cirurgiões gastrointestinais e endoscopistas (SAGES) para la-
paroscopia básica [3].

Após todo equipamento ter sido verificado e a configuração inicial da sala de cirurgia ser feita,
o paciente é deitado face para cima na mesa de operação. Em seguida, os passos para o acesso
ao abdómen do paciente são apresentados na Figura 1.1 e podem ser resumidos em [3, p. 61-71]:
(1) inserir uma agulha de Veress9 no abdômen do paciente para a insuflação inicial com CO2; (2)
entrar pele abdominal do paciente através de um trocarte; (3) inserir um endoscópio pelo trocarte
para obter visão do interior da cavidade; (4) inserir outros trocartes sob visualização direta como
necessário para os outros instrumentos cirúrgicos; (5) explorar órgãos do paciente.

1.1 1.2 1.3

2 3

Figura 1.1: Acesso ao abdômen. (1.1) inserção da agulha de Veress. (1.2) insuflação com agulha
de Veress. (1.3) retirada da agulha de Veress. (2) inserção trocarte e mais insuflação. (3) inserção
do endoscópio através do trocarte.

Laparoscopia de diagnóstico é um exemplo de procedimento que tem esses passos iniciais.
As incisões são muito pequenas (a dimensão de cada corte pode variar de 2 mm a 12 mm em
comparação com um único corte de 10 cm a 20 cm na cirurgia aberta). Pode ser não-invasivo a
ponto de ser feito em um paciente com apenas anestesia local, enquanto o paciente está acordado.
Em alguns casos, o paciente pode até mesmo ser solicitado a indicar ao cirurgião ao ponto de maior
dor, ou ainda para fazer ligeiros movimentos corporais para ajudar na visualização [10, p.481-489
].

A maior parte dos tipos de laparoscopia relatam menor tempo de internação pós-operatória
9A agulha de Veress é uma agulha oca utilizada na insuflação inicial para minimizar as chances de complicações.
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[10], redução de complicações após o procedimento10 e menor taxa de transfusão. No entanto,
mesmo com todos os avanços feitos na laparoscopia, ainda existem algumas desvantagens para os
cirurgiões. Algumas dessas técnicas são muito difíceis, como indicado pelos próprios médicos, e só
devem ser realizadas por cirurgiões laparoscopistas qualificados. Além disso, tem-se divulgado que
os procedimentos laparoscópicos têm uma acentuada curva de aprendizagem, em relação aos seus
análogos de cirurgia aberta.

A dificuldade em realizar tarefas laparoscópicas vem do fato que a incisão na pele do paciente
restringe o movimento do endoscópio ou da ferramenta. Para simplificar a análise, a intersecção do
eixo do trocarte com a incisão na pele pode ser aproximada por um ponto pivotante, o chamado
ponto do trocarte. Portanto, isso significa que (1) todos os movimentos fora do paciente são
espelhados no interior da cavidade do paciente (Figura 2.2 esquerda); e (2) todos os movimentos
da ferramenta estão restrito apenas a quatro graus de liberdade (Figura 2.2 direita). Além disso, (3)
o cirurgião só pode interagir com os órgãos e estruturas internas utilizando ferramentas, perdendo
assim destreza e retorno tátil. Por fim, (4) um cirurgião assistente pode ser necessário, cuja única
tarefa é mover o endoscópio durante todo o procedimento.

trocar point

Figura 1.2: Dificuldades da laparoscopia. Movimentos espelhados (esquerda) e restrições laparos-
cópicas (direita).

A fim de retirar do cirurgião parte do esforço físico e mental de compensar sozinho por todas
essas dificuldades da técnica laparoscópica, podemos usar manipuladores robóticos. Desde a sua
concepção, manipuladores robóticos têm sido usados para estender as capacidades dos homens e
para substituir os homens em trabalhos tediosos [11].

10Complicações após o procedimento são chamados de morbidade na literatura médica.
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Figura 1.3: Robôs atualmente utilizados na prática médica.. (esquerda) daVinci (fonte: Intuitive
Surgical). (centro) NeuroMate (fonte: Renishaw). (direita) ROBODOC (fonte: curexo).

1.2.1 Cirurgia robótica

A idéia de enfrentar dificuldades na laparoscopia utilizando a robótica não é nova. Por exemplo,
o manual [3] tem um capítulo dedicado à utilização de robôs em cirurgia laparoscópica. Na visão
dos próprios cirurgiões, a introdução da robótica em MIS não foi surpresa, dado o aumento da
precisão e melhor qualidade de associados a robôs industriais [3, p. 191]. Isso proporcionou a
motivação para a cirurgia robótica.

Alguns sistemas robóticos já ajudam na prática médica em todo o mundo, como mostrado na
Figura2.3. Por exemplo, não se pode mencionar a cirurgia robótica sem citar o sistema cirúrgico
da Vinci. Sendo atualmente o único robô para cirurgia laparoscópica aprovado pelo FDA11, ele
está disponível no mercado em todo o mundo, com mais de 1700 dispositivos introduzidos em
2010. Há também o robô NeuroMate utilizado na cirurgia estereostática e o ROBODOC usado
em cirurgia ortopédica. Além disso, existem outros sistemas direcionados para diferentes fins, tais
como instrumentos posicionadores de câmera etc [3].

Dispositivos robóticos utilizados na laparoscopia precisam gerar um ponto pivotante de forma
a coincidir com o ponto do trocarte , podendo ser gerado por meio de restrições mecânicas de
sistemas especializados (como o da Vinci) ou por meio de software utilizando robôs para uso geral.
Sistemas especializados são precisos e confiáveis, mas tem a desvantagem de serem de alto custo
e ter restrito o uso para a aplicação específica para os quais foram desenvolvidos. Robôs de uso
geral se destinam a serem adaptáveis a vários procedimentos médicos existentes e futuros, como o
novo sistema MIRO proposto pela DLR12 [12]. Tem vantagens da flexibilidade do ponto pivotante,
maior capacidade de manobra e versatilidade. Além disso, por meio da utilização de sistems de
propósito geral em vez de sistemas especializados, os custos devem ser diluídos entre os vários tipos
de processos que eles são capazes de realizar.

No cenário laparoscópico, esses robôs podem ajudar em duas tarefas relativamente distintas:
mover instrumentos ou mover a câmera [13]. Dado que as ferramentas têm contato direto com os

11FDA é paralelo estadunidense da ANVISA.
12DLR is the aeronautics and space research centre of the Federal Republic of Germany.
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tecidos dos pacientes, o movimento do instrumento está mais preocupado com maior precisão e
repetibilidade, como visto na robótica industrial. Procedimentos mais seguros são esperados com
robôs, permitindo filtragem e escala dos movimentos da mão do cirurgião. O movimento da câmera
é mais associado com resistência e coordenação. Em procedimentos laparoscópicos, o cirurgião
principal geralmente utiliza as ferramentas com as duas mãos enquanto um cirurgião assistente
movimenta e prende a câmera no lugar, o que exige coordenação entre eles. Utilizando um sistema
robotizado controlado pelo cirurgião principal para segurar e mover o endoscópio permite que
menos tempo seja desperdiçado na comunicação entre os cirurgiões [14]. Além disso, o cirurgião
assistente pode se concentrar em outra tarefa ou ser livre para realizar outro procedimento em
uma sala de operação diferente.

Por isso, nosso objetivo neste trabalho é desenvolver um sistema para o uso geral de manipula-
dores em série para o controle confiável de uma câmera endoscópica sob restrições do trocarte para
o qual o cirurgião só deve fornecer comandos intuitivos. Este trabalho está inserido no projeto
CLARA, que visa o desenvolvimento de tecnologia e instrumentos médicos nacionais.

1.3 Método proposto

Em nosso ambiente experimental, um manipulador serial seguro para o usuário foi obtido
para realizar pesquisas na geração do ponto pivotante. Em relação aos trabalhos relacionados
mostrados na seção 4.2, os trabalhos de Azimian et al [47] e de Michelin et al [46] são os mais
próximos da nossa necessidade; porém, necessitamos encontrar uma solução que não compartilhe
de seus problemas. O primeiro trata o controle da ponta da ferramenta como primeiro objetivo,
enquanto a geração do ponto pivotante é tratado como objetivo secundário; resultando em erros
arbitrariamente algos para a geração do ponto pivotante. O segundo trata a restrição do ponto
pivotante como primeiro objetivo, enquanto o controle da ponta da ferramenta é tratado como
segundo; resultando em desvios arbitrariamente altos na trajetória desejada da ferramenta.

Portanto, devemos encontrar uma estratégia na qual exista um trade-off aceitável entre erros de
posicionamento de geração do ponto pivotante. Isso motiva o desenvolvimento de outro controlador,
que é a contribuição mais relevante deste trabalho.

Um último problema comumente negligenciado em outros trabalhos é como os comandos para
mover o endoscópio são enviados para o controlador usando uma interface com o usuário (e.g. voz,
dispositivo háptico, joystick etc). Esse assunto é geralmente deixado de lado, mas cirurgiões nor-
malmente tem grandes expectativas sobre a simplicidade do sistema e sua performance, enquanto
demonstram pouca tolerância com interfaces que impedem seus trabalhos.

Então para o controle de uma câmera nós precisamos de um sistema que possa receber sim-
ples comandos (1) cima-baixo, (2) direita-esquerda, (3) em volta de si e (4) dentro-fora, que são
suficientes para o controle de qualquer endoscópio angulado. A partir destes comandos, o sistema
deve realizar o movimento desejado da ferramenta, enquanto considera as restrições impostas pelo
ponto pivotante de forma transparente.

Um diagrama mostrando os elementos principais na sala de operação é mostrado na Figura 1.4.
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Figure 1.4: Visão geral do sistema de controle laparoscópico. Os elementos dentro do retângulo
vermelho são descritos na seção 2.4.

A geração de referências, que ocupa o primeiro bloco do nosso controlador de endoscópio, fun-
ciona basicamente enviando referências que mantenham da melhor forma possível tanto a restrição
do ponto pivotante quanto o ponto de vista desejado da câmera do endoscópio. No segundo bloco,
existe o planejamento de trajetórias que interpola duas referências possivelmente distantes entre
si, de tal forma que o caminho intermediário entre elas seja conectado com N pontos e mantenha
o erro do ponto pivotante limitado. Por fim, o bloco de controle cinemático rastreia as referên-
cias enviadas pelo planejamento de trajetórias enquanto utiliza a redundância do manipulador
para tentar, ao máximo, fugir de possíveis configurações singulares que possam estar no espaço de
trabalho do manipulador.

Com esse sistema, em vez de escolhermos um objetivo para seguir com precisão infinitesimal
em detrimento de erros arbitrariamente altos no outro, utilizamos o parâmetro N que mantém
ambos objetivos suficientemente limitados. Como forma de avaliação, alguns experimentos foram
realizados. O mais complexo destes envolveu a realização de uma experiência de usabilidade do
sistema, na qual 20 indivíduos usaram uma interface háptica física para comandar um endoscópio
simulado.

Neste experimento, todos os usuários foram capazes de realizar uma tarefa complexa de con-
trole de endoscópio em um tempo consideravelmente baixo. Considerando um dos usuários que
realizaram o experimento, a Figura 1.5 mostra a trajetória da ponta do endoscópio, junto com
os erros de geração do ponto pivotante e de rastreamento da referência de posição do endoscópio.
Mesmo que os usuários tenham sido encorajados a movimentar o endoscópio o mais rápido pos-
sível, tanto os erros de geração do ponto pivotante quanto de rastreamento da ferramenta foram
desconsideráveis.

1.4 Resultados

Quanto ao controle cinemático de manipuladores seriais, duas grandes áreas de investigação são
a robustez às singularidades e utilização de redundância. Neste trabalho, as técnicas clássicas de
robustez à singularidade são adaptadas para a formulação controle cinemático do quatérnio dual
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unitário. Além de adaptar técnicas clássicas de exploração da redundância à algebra dos quatérnios
duais, é proposto um método numérico utilizando redundância na fuga de singularidades. Os
controladores adaptados são avaliados em simulações. Todas as técnicas apresentadas são aplicáveis
em qualquer geometria de manipulador serial.

Finalmente, por meio da integração das técnicas acima mencionadas, um controlador cinemático
laparoscópico para o manipulador serial é concebido. Ele foi projetado de modo que o movimento
do endoscópio tenha apenas deslocamentos seguros em relação ao ponto do trocarte, enquanto as
posições desejadas do endoscópio são fornecidas por comandos do usuário por meio de uma interface
háptica. Diferentes avaliações foram realizadas a fim de validar o método: a avaliação básica
de desempenho de um único movimento de câmera em um cenário simulado, uma comparação
entre duas diferentes geometrias de manipulador e, finalmente, uma experiência de usabilidade do
sistema, na qual 20 indivíduos usaram uma interface háptica física para comandar um endoscópio
simulado. Além disso, em relação às técnicas anteriores propostas na literatura, o controlador
permite o posicionamento da ferramenta de forma mais segura tendo em conta as limitações da
laparoscopia.

1.5 Descrição do manuscrito

Primeiramente, o leitor é apresentado ao controle cinemático no capítulo 3. Ela começa com
os antecedentes históricos e matemáticos na seção 3.1, também introduzindo redundância e singu-
laridades no espaço de trabalho. Depois, a adaptação da formulação do controle cinemático para
o caso do quatérnio dual unitário é mostrada seção 3.2. Nas seções 3.3 e 3.4, técnicas conhecidas
para robustez a singularidades e utilização da singularidade são adaptadas para o caso do quatérnio
dual, que é a primeira contribuição deste trabalho. O método numérico para fuga de singulairdades
é mostrado na seção 3.4.1, que é uma segunda contribuição.

Depois que o leitor está familiar com controle cinemático, o capítulo 4 começa com o estado da
arte em robótica laparoscópica na seção 4.1. O novo controlador laparoscópico para o manipulador
serial genérico é mostrado na seção 4.2. A funcionalidade básica do sistema é avaliada na seção
4.3 ao mover o endoscópico para uma posição fixa com aumento contínuo do parâmetro N . Na
segunda avaliação, mostrada na seção 4.4, duas geometrias distintas de manipuladores são testadas
no movimento do endoscópio em uma trajetória espiral cônica. A avaliação final é mostrada na
seção 4.5, na qual a interação do usuário com o sistema é avaliada.

Quando necessário, notações e operações relacionadas com os quatérnios duais podem ser vistas
na seção I.1.
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Chapter 2

Introduction
“Scientia pro bono humani generis.”
–Science for the good of mankind

Minimally invasive surgery (MIS) is becoming the new standard for interventions in the human
body, whereas open surgery becomes the backup plan [2, 3]. By reviewing the concepts behind
both techniques, we can clearly see why.

Open surgery was the standard procedure when anesthetics and antiseptics became widespread,
about 100 years ago. Even for diagnostic purposes, exploratory laparotomy1 was the common tool
to diagnose many forms of diseases. The length of a laparotomy incision in the abdominal wall
varies accordingly to the procedure (5cm–20cm), having to be long enough to accommodate the
surgeon’s hands and provide good operative vision.

Although allowing the surgeon the best dexterity possible, those incisions became dreaded to
both patients and hospitals. From the patients’ point of view, large incisions result in long recovery
times to form large scars, with considerable risk of post-operative infection. Moreover, in the case
of exploratory laparotomies, those risks can go unrewarded with no more information about the
disease being treated. From the public health system economical view, longer hospitalization times
often correspond to higher costs.

Several pioneers contributed during the last 100 years to the development of modern la-
paroscopy, which is the MIS counterpart of laparotomy. Instead of a single long incision, la-
paroscopy uses one or more small (2mm–12mm) incisions. The surgeon uses a long endoscope
and other tools inserted through those incisions to diagnose and treat diseases. After the laparo-
scopic techniques mature in medical practice, they usually provide less surgical trauma, smaller
hospitalization times, faster return to daily-life activities and better aesthetics in relation to their
corresponding open surgery techniques. As disadvantages, longer procedure times and steeper
learning curves are usually reported [2, 3, 4].

For illustrative purposes, we can compare laparoscopy and open surgery in three different
procedures with respect to intraoperative and post-operative times, as shown in Table 2.1 and

1A laparotomy is a form of open surgery involving a large incision through the abdominal wall to gain access
into the abdominal cavity.
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Mean operative times [min] Mean hospitalization times [day]
Procedure Open surgery Laparoscopy Open surgery Laparoscopy

RN 110 115 7.9 3.8
RCC 172.2 217.3 10 6.3
CE 133 112 3.3 3.2

Table 2.1: The mean intraoperative and postoperative times for 3 procedures comparing open
surgery and laparoscopy. (RN = retroperitoneal nephrectomy, RCC = resection for colorectal
cancer, CE = cholecystectomy in the elderly)

discussed as follows. In the case of retroperitoneal nephrectomy2 (RN) [5], laparoscopy provided
better results concerning hospitalization times, while operative times are comparable between
both methods. Another study [4] compares both techniques in resections for colorectal cancer3

(RCC). Its results show that open surgery required less intraoperative time, while a shorter hospital
stay favored laparoscopy. In the last study [6], which is about cholecystectomy4 in the elderly
(CE), laparoscopy had a faster intraoperative time and both techniques demonstrated comparable
hospitalization times.

Although laparoscopy is now seen as the standard technique in many procedures, it needed to
overcome skepticism that protected the classical open surgery methods from changing [2]. More-
over, as any great advancement in science, the progresses on laparoscopy were deeply dependent on
the evolution of other technologies. Therefore, we begin by briefly reviewing the historic context
of laparoscopy in the next section. Afterward, the surgical method is thoughtfully explained in
section 2.2.

2.1 Historic contextualization

The earlier concepts and methods encircling the modern laparoscopy are usually accredited to
Georg Kelling and Hans Christian Jacobaeus [2, 7, 8].

In 1901, Kelling was researching solutions for gastrointestinal bleeding into the abdominal
cavity. By that time, the only available method for diagnosis and treatment was the laparotomy,
which could worsen the patient’s condition. Also, in an economic standpoint, Kelling wanted to
shorten his patients’ hospital stay. He then hypothesized that injecting air inside the abdominal
cavity5 could by itself stop such bleeding. Although most medical instrumentation was still fairly
rudimentary in 1901, Kelling carried out numerous experiments on live dogs to see the effects
of insufflating air inside the thorax. He inserted a cystoscope6 through a trocar in the unopened

2Retroperitoneal nephrectomy is a treatment for both benign and malignant conditions related to renal and
adrenal lesions. It consists of partial or full removal of a the patient’s kidney.

3Colorectal cancer resection is the surgical removal of a colorectal tumor. It is the only treatment with curative
intent for colorectal cancer [4].

4Cholecystectomy is the surgical removal of the gallbladder in the treatment of cholecystitis which affects 23.7%
of people with 70 years or older [6].

5Insufflating the abdominal cavity with air is called pneumoperitoneum in medical literature.
6The cytoscope is a rudimentary form of the endoscope. The surgeon had to look directly along the shaft direction
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abdominal cavity to observe the effects of the air pressure on the abdominal organs [7]. Despite the
fact that he was not able to stop bleeding with this technique, it comprised most of the procedure
known today as laparoscopy [2, 9]. In the years after, he devoted much of his work to refining the
instructions of his technique. Those instructions concern patient preparation, contraindications
and placement methods for the trocar [2].

Also in 1901, Jacobaeus performed a similar procedure on humans and coined the term la-
paroscopy7. In contrast to Kelling’s method, he inserted the cytoscope without inflating the
abdominal cavity with air [9]. He was able to perform those procedures as his patients had ail-
ments that caused an accumulation of fluid in the abdominal cavity8, emulating the effects of air
insuflation. Although his technique differed in this aspect with its modern counterpart, Jacobaeus
is mostly responsible for the popularization of laparoscopy. By 1912 he had performed about 97
laparoscopies to treat many different forms of pathologies [2]. Around that time, several reports
were published worldwide showing that the technique had spread. Reports came from various
locations of Europe such as France, Italy and Denmark; as well as from Brazil [9].

Laparoscopy was still only used as a diagnostic tool. In the following years, laparoscopy flour-
ished as a form of interventional medicine, with advancements in electricity that led to the creation
of the incandescent light. After the research stagnation during the second world war, laparoscopy
ironically suffered a period of oblivion due to shortcomings in the usage of electronics in sterilization
and cauterization. Also, there were many causalities related to inaccurate insufflation equipments.
For those reasons, laparoscopy was even banned on Germany from 1956-1964 [2].

For some researchers, the question was not whether laparoscopy was a good means of surgery,
but whether it could become safe and predictable enough. In the hands of many scientists, such
as Kurt Semm, Kalr Storz, Alvin Siegler, and Melving Cohen, technology came in aid to fix the
existing problems. After the creation of automatic insuflators, cold lights, and safer cauterization
tools, the predictability of the procedures grew enormously. Then, the most recent revolution was
the video-laparoscopy in about 1985. It gave surgeons the ability to view and record the patient’s
viscera9 with increasing resolution and smaller equipment throughout the years [2].

With those advancements, laparoscopy finally became a safe form of surgery and is already
deeply inserted in today’s medical paradigm. Its benefits include more precise visualization of
tissues, less postoperative pain, shorter hospital length and increased aesthetics. Given those,
laparoscopy–whenever feasible–became the first means of surgery, whereas open-surgery rests as a
backup if there are complications [2, 3, 10].

The number and complexity of procedures that can be done laparoscopically is indeed enor-
mous. In fact, in 2004 several physicians wrote a manual [10] describing 63 different laparoscopic
procedures to treat and diagnose many forms of diseases in the abdomen and esophagus alone. As
the amount of possible procedures grew, laparoscopy became a term applied generically to many
different areas in the body. In order to better state our problem, we henceforth limit the scope of
laparoscopy to only those procedures performed in the abdomen.

and had fairly limited view.
7Actually, he used the term laparothorascoscopy but it evolved to laparoscopy.
8Accumulation of fluid in the abdominal cavity is called ascites in medical literature.
9Viscera are the internal organs in the main cavities of the body, especially those in the abdomen.
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2.2 Problem formulation

The modern version of the technique envisioned by Kelling and Jacobaeus is throughly described
in the Society of American Gastrointestinal and Endoscopic Surgeons (SAGES) manual for basic
laparoscopy [3].

After all equipment has been checked and the initial setup of the operating room is made,
the patient is laid down face up on the operating table. Then, the steps for the access to the
patient’s abdomen are shown in Figure 1.1 and can be summarized on [3, p. 61-71]: (1) insert a
Veress needle10 in the patient’s abdomen for initial insufflation with CO2; (2) enter the patient’s
abdominal skin using a trocar; (3) insert a scope in that trocar to be able to see inside the cavity;
(4) insert other trocars under direct scope visualization as necessary for the other surgical tools;
(5) explore the patient’s organs.

1.1 1.2 1.3

2 3

Figure 2.1: Abdomen access. (1.1) Veress needle insertion. (1.2) Veress needle insuflation. (1.3)
Veress needle removal. (2) Trocar insertion and further insuflation. (3) Endoscope insertion
through the trocar.

Diagnostic laparoscopy is an example of a procedure that has those starting steps. The incisions
are very small (the size of each port may vary from 2 mm to 12 mm in comparison with a single
10 cm to 20 cm incision for open surgery). It may be noninvasive to the point of being done in
a patient with local anesthesia only, while the patient is awake. In some cases, they may even be
asked to direct the surgeon to the point of maximal pain, or even to make slight body movements
to help visualization [10, p.481-489 ].

Most types of laparoscopy report shorter postoperative hospitalization [10], reduced compli-
cations following the procedure11 and lower transfusion rate. However, even with all the ad-
vancements made in laparoscopy, there are still some drawbacks to the surgeons. Some of those
techniques are very difficult as stated by the physicians themselves, and should only be performed
by skilled laparoscopy surgeons. Moreover, it is commonly reported that laparoscopic procedures
have a steeper learning curve in relation to their open surgery analogues.

The difficulty in performing laparoscopic tasks comes from the fact that the incision in the
10The Veress needle is a hollow needle used for the initial insuflation to minimize chances of complications.
11Complications following the procedure are called morbidity in medical literature.
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patient’s skin restricts the motion of the scope or tool. To simplify the analysis, the intersection
of the trocar axis with the skin incision can be approximated by a pivoting point, called the trocar
point. Therefore, this means that (1) all movements outside the patient are mirrored inside the
patient’s cavity (Figure 2.2 left); and (2) all movements of the tool are restricted to only four
degrees of freedom (Figure 2.2 right). Moreover, (3) the surgeon can only interact with organs
and inner structures by using tools, thus losing dexterity and tactile feedback. Furthermore, (4)
an assistant surgeon may be required, whose only task is to move the endoscope during the whole
procedure.

trocar point

Figure 2.2: Laparoscopic issues. Mirrored movements (left) and laparoscopy constraints (right).

In order to remove from the surgeon some of the physical and mental strains of compensating
for all those laparoscopic technique difficulties, we may use robotic manipulators. Since their
conception, robotic manipulators have been used to extend the capabilities of men and to replace
men at tedious jobs [11].

2.2.1 Robotic surgery

The idea to tackle laparoscopy difficulties using robotics is not new. For instance, the SAGES
manual [3] has a chapter dedicated to the use of robots in laparoscopic surgery. On the view of the
surgeons themselves, the introduction of robotics in MIS came as no surprise, given the increased
precision and improved quality associated with industrial robots [3, p. 191]. This provided the
motivation for robotic surgery.

Some robotic systems are already aiding in medical practice worldwide, as shown in Figure 2.3.
For instance, one cannot mention robotic surgery without citing the daVinci surgical system. Being
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Figure 2.3: Robots currently used in medical practice. (left) daVinci (source: Intuitive Surgical).
(center) NeuroMate (source: Renishaw). (right) ROBODOC (source: curexo).

currently the only FDA12 approved robot for laparoscopic surgery, it is available into worldwide
market with over 1700 devices introduced by 2010. There are also the NeuroMate robot used in
stereostatic surgery and the ROBODOC used in orthopedic surgery. Moreover, there are other
systems directed to different purposes, such as camera positioners instruments and so on [3].

Robotic devices used in laparoscopy need to generate a pivoting point to coincide with the trocar
point which may either be generated through mechanical constraints of specialized systems (such
as the daVinci) or through software using general purpose robots. Specialized systems are precise
and reliable, but have the disadvantage of being high cost and have restricted use to the specific
application they have been developed for. General purpose robots are intended to be adaptable
to various existing and future medical procedures, like the newly proposed MIRO system from
DLR13 [12]. It has advantages of pivot flexibility, increased maneuverability and overall versatility.
Moreover, by using general purpose in spite of specialized systems, costs should be diluted among
the several different procedures they are able to perform.

In the laparoscopy scenario, such robots may aid in two relatively distinct settings: moving
instruments or moving the camera [13]. As the tools have a direct contact with the patients tissues,
instrument motion is most concerned with higher accuracy and repeatability as seen in industrial
robotics. Safer procedures are expected with robots, by allowing the surgeon hand movements to
have tremor filtering and scaling. Camera motion is more associated with endurance and coordi-
nation. In laparoscopic procedures, the main surgeon usually handle tools with both hands while
an assistant surgeon moves and holds the camera in place, which requires coordination between
them. Using a robotic system controlled by the main surgeon to hold and move the endoscope
allows less time to be wasted in communication between surgeons [14]. Also, the assistant surgeon
may focus on another task or be free to carry out another procedure in a different operating room.

Hence, our purpose in this work is to develop a framework for the general purpose serial-link
manipulator for reliable control of an endoscopic camera under trocar constraints for which the
controlling surgeon should only provide intuitive commands. This work is inserted in the CLARA

12FDA is the United States Food and Drug Administration office.
13DLR is the aeronautics and space research centre of the Federal Republic of Germany.
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project, which aims the development of national medical instruments and technology.

2.3 Results

Concerning kinematic control of serial-link manipulators, two major areas of research are sin-
gularity robustness and redundancy exploitation. In this work, classic singularity robustness tech-
niques are adapted to the unit dual quaternion kinematic control formulation. Beyond adapting
classic redundancy exploitation techniques to the dual quaternion framework, a numerical method
using redundancy in singularity evasion is proposed. The adapted controllers are evaluated in
simulations. All techniques herein are applicable in any serial-link manipulator geometry.

Finally, by integrating the aforementioned techniques, a laparoscopy kinematic controller for
the serial-link manipulator is devised. It was designed so that the endoscope motion has only safe
displacements in relation to the trocar point, while the desired endoscope positions are provided
by user commands through a haptic interface. Different evaluations were performed in order
to validate the method: a basic simulated scenario performance evaluation of a single camera
motion, a comparison among two different manipulator geometries and finally a system usability
experiment, in which 20 individuals used a physical haptic interface to command a simulated
endoscope. Moreover, in relation to prior techniques proposed in the literature, our controller
provides safer tool positioning considering the laparoscopic constraints.

2.4 Manuscript overview

At first, the reader is introduced to kinematic control in chapter 3. It begins with the mathe-
matical and historic backgrounds in section 3.1, also introducing redundancy and workspace sin-
gularities. After, the adaptation of the kinematic control formulation to the unit dual quaternion
case is shown section 3.2. In sections 3.3 and 3.4, known techniques for singularity robustness and
redundancy exploitation are adapted for the dual quaternion case, which is the first contribution
of this work. The numerical method for singularity evasion is shown in section 3.4.1, which is a
second contribution.

After the reader is familiar with kinematic control, chapter 4 begins with the state of the art
in robotic laparoscopy in section 4.1. The novel laparoscopy controller for the generic serial-link
manipulator is shown in section 4.2, being the third and last contribution of this work. The
basic functionally of the system is evaluated in section 4.3 by moving the endoscope to a fixed
position with increasing values for N . In the second evaluation, shown in section 4.4, two distinct
manipulator geometries are assessed in moving the endoscope in a conical helix path. The final
evaluation is shown in section 4.5, in which we assess the user interaction with the system.

Whenever necessary, notations and operations related to dual quaternions can be seen on
section I.1.
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2.4.1 Contributions index

1. Classic singularity robustness techniques are adapted to the unit dual quaternion framework
in section 3.3;

2. classic redundancy exploitation techniques are adapted to the unit dual quaternion framework
in section 3.4;

3. a numerical method for computation of gradients and its use in singularity evasion is shown
in section 3.4.1;

4. the novel controller for serial-link manipulators in laparoscopic procedures using dual quater-
nion constrained interpolation is shown in section 4.2.
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Chapter 3

Kinematic Control
“Simplicity is the ultimate sophistication.”
–Leonardo da Vinci

There are several techniques for controlling serial-link manipulator robots. As those used
in medical settings should operate slowly by default, kinematic control is applicable and, being
conceptually simple, will be our chosen technique in this work. Before further examining the
robot laparoscopy problem, this chapter focus on describing the challenges and characteristics of
kinematic control.

Therefore, the first section in this chapter contains a summarized historic evolution that brought
kinematic control to the current state. As much as possible, I try to omit mathematical details
that would break the reading pace of the first reader.

In section 3.2, the reader is then introduced to the unit dual quaternion kinematic control formu-
lation, along with a brief reminder of how rigid motions are described using unit dual quaternions.
After, in section 3.2.3, the frame invariant error is reviewed.

After the basic formulation in unit dual quaternion is shown, sections 3.3 and 3.4 contain the
adaptation of regular kinematic resolutions for singularity robustness and redudancy resolution to
the unit dual quaternion case. These adaptations are a contribution of this work.

3.1 Historical background & problem formulation

Before 1969, the available controlling schemes of manipulators were very limited. Indeed, two
major ways of controlling were master-slave control and rate control. The first is the control
method in which a model of the robot (master) is moved and the remote manipulator (slave)
copies the movement. The last concerns controlling separately each of the manipulators joints
with a set of switches or joystick inputs. The implementation simplicity of such control methods
made them popular, but they required a fairly high skill of the operator which hindered any attempt
of achieving complex tasks in acceptable time frames.

In 1969 Whitney proposed a work [15] in the theme of medical robotics, related to prosthetic
arm control. It contains the base of kinematic control schemes, named resolved motion rate control.
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He noticed that attempting to perform complex tasks selecting how the robot joints should move–
in what he termed arm coordinates–was a counter-intuitive scheme. Indeed, it seems irrelevant in
most of our daily tasks any reference to arm coordinates. You would simply think to move your
hand up to grab a cup in a top shelf, move it left to reach the tap and so forth. In an evolutionary
aid for keeping our sanity, no direct reference to how any of our joints by themselves should be
configured needs to come to mind. Defining a task in moving a tool up, down, left, right and so
on–which Whitney named world coordinates–would be more natural for humans in both control
and task planning.

Thus it would be a reasonable wish to create a framework in which manipulators can be
controlled to perform tasks more intuitively. Back to our daily life example, we can see that in order
to move your hand up to grab a cup, many, if not all, joints in your arm must move simultaneously
at different time-varying rates. What we want is to apply this concept in a mathematical formula.
Resolved motion thus means that the motion of the various joints are resolved and combined to
generate motions of the tool along world coordinates.

To begin the mathematical formulation of the resolved motion rate control, we first group the
pose, or other relevant world coordinate variables of the manipulator tool in a vector ~x of size m.
After, the position of some, or all manipulator joints are grouped in ~θ of size n. We first begin
defining our objective, which is

~θ = g(~x); (3.1)

that means: how the robot joints ~θ should be configured in order to obtain the reference ~x. To
begin our search for g, we start by relating some vector valued function with information we already
have

~x = f(~θ). (3.2)

Using our example ~x and ~θ, f is the manipulator forward kinematics model (FKM). The FKM can
be found for any serial link robotic manipulator using its Denavit-Hartenberg (DH) parameters
[1, 16]. So, a natural solution for g would be to try finding f−1. However, the inversion of f is
seldom straightforward. Furthermore, if ~θ has higher order than ~x there could1 be infinite solutions
for this problem.

Proposing another approach, Whitney differentiated (3.2) to find

~̇x =
∂f(~θ)

∂~θ

∂~θ

∂t
, (3.3)

in which

Jw(~θ) ,
∂f(~θ)

∂~θ
=


∂f1(~θ)
∂θ1

· · · ∂f1(~θ)
∂θn

...
. . .

...
∂fn(~θ)
∂θ1

· · · ∂fn(~θ)
∂θn

 . (3.4)

We then combine (3.3) and (3.4) to find

~̇x = Jw(~θ)~̇θ, (3.5)
1There is the possibility of loss of dexterity in some singular configurations that reduce the system to one or no

solutions. This is explained in section (3.6).
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which is a nice linear relation. Also, Jw in this work is defined as the analytical Jacobian. If m = n

and Jw(θ) is full rank, the backbone of kinematic control is obtained

~̇θ = J−1w (~θ)~̇x. (3.6)

Whitney had a very intuitive insight on the meaning of (3.6). If we had a group of switches to
control a manipulator, we could associate each switch with an entry in ~̇x and use (3.6) to feed the
output ~̇θ to the robot manipulator as motor speeds. By doing this, we have a way to control the
tool configuration directly in world coordinates.

Such model has issues natural to linear systems. If m > n, J−1w (~θ) is not defined, and there
could be infinite solutions to (3.6). A manipulator is called redundant whenever this happens, that
is, whenever ~θ has a higher order than ~x. In the pose control case for example, a robot is redundant
if it has more than 6 degrees of freedom. Whitney noticed that we may tackle this issue by adding
an optimality criterion in the inversion, so that the optimal solution is found within the infinite
set. An example of this is to use the Moore-Penrose pseudoinverse, which minimizes the norm of
the arm velocities. There are also other very interesting solutions that exploit the redundancy in
multitasking, adding a secondary objective for joint limit avoidance, singularity avoidance and so
on. Further on this topic can be seen in section 3.4.

Another issue when using (3.6) is the existence of workspace singularities. A robot configuration
~θ is singular if its corresponding Jw(θ) is rank-deficient. The problem is not in the singular position
itself2, but in its neighborhood. Pseudo-inverses have ill-conditioning issues in close vicinity of
singularities, in which small world coordinate reference velocities may require unfeasible velocities
in the arm coordinates in (3.6). A geometric insight can help visualize some common singular
configurations (e.g, when the manipulator is stretched to its limit), but other singular configurations
are not so intuitive. A broader description on the issues and solutions related to singularities can
be seen in section 3.3.

For now, we leave aside both redundancy and workspace singularities—consider that Jw(~θ)

always has a suitable inverse given by a Jinvw (~θ). With (3.6), we can find the velocity of the arm
motors in order to have a given velocity of the tool in world coordinates; but yet we did not find
(3.1), that is, the arm coordinates for a desired configuration of the tool in space.

Since we now have (3.6) to calculate the joint velocities for a desired tool velocity, we could
devise the following algorithm: given the initial tool position x(0), a final tool position xd, and
a timeframe tf ; we find a reference tool velocity trajectory ~̇x(t). As a simple example, consider
moving the tool from the initial position (0, 0, 0) to (1, 0, 0) within 5 seconds, which results in a
~̇x(t) = (0.2, 0, 0). If ~̇x(t) is followed, it is expected that the robot would reach xd after tf has
passed. Now, let us consider that the goal is to control the joint velocities of a manipulator in a
computational system with a sampling period T , such that tf/T is an integer. The result of such
algorithm would be evaluating

~̇θ = Jinvw (~θ(t))~̇x

tf/T times. The actual displacement of the joints can be found by integration
2The pseudoinverse implemented in this work uses the singular value decomposition of the matrix, which guar-

antees that a pseudoinverse is always defined. More details are shown in section 3.3.
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ˆ tf

0

~̇θ(t)dt =

ˆ tf

0
Jinvw (~θ(t))~̇x(t)dt,

~θ(t) =

ˆ tf

0
Jinvw (~θ(t))~̇x(t)dt+ ~θ(0). (3.7)

Considering the tool velocity was constant during the sampling period, we apply Euler integration
in (3.7),

~θ(k) =

tf/T∑
l=0

Jinvw (~θ(l))~̇x(l)T + ~θ(0).

Considering now an additive perturbation vector ~b(k),

~θ(k) =

tf/T∑
l=0

[Jinvw (~θ(l))~̇x(l)T +~b(l)] + ~θ(0)

=

tf/T∑
l=0

Jinvw (~θ(l))~̇x(l)T +

tf/T∑
l=0

~b(l) + ~θ(0), (3.8)

in which ~b(k) groups the effects of the variations of the tool velocity during the sampling interval.
This variation has many sources, such as external disturbances, the variations of Jw(~θ) as ~θ changes
in (3.6), and so on3. By inspecting (3.8), it becomes clear that such open-loop algorithm has no
guarantee of convergence: instead of reaching xd, the tool would most certainly end somewhere
else.

The keyword in the last sentence motivates the use of closed-loop schemes. For the sake of
cleaner notations, we henceforth use Jw in place of Jw(θ) with no loss of meaning. We restart with
(3.6) using our suitable inverse Jinvw

~̇θ = Jinvw ~̇x, (3.9)

and set ~̇x as a variable velocity of the tool in the direction of our desired ~xd

~̇θ = Jinvw [~xd − ~x(t)]. (3.10)

This means that we want the tool to move with a variable velocity in the direction [~xd−~x(t)]—from
where it is to where we want it to go—, going exponentially slower the closer it is in relation to
the goal. Finally, we add an arbitrary gain K in (3.10) so we can control the rate of convergence

~̇θ = Jinvw K[~xd − ~x(t)]. (3.11)

It can be shown that (3.11) converges for K > 0 [1]. Altering (3.11) to the discrete case, we can
find the final form of the algorithm when we can either control velocity of the arm joints

~̇θ(k) = Jinvw K[~xd − ~x(k)] (3.12)
3In [1], the author states this algorithm would not work given the effects of numerical drift.
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or their position

θ(k + 1)− θ(k)
T

=Jinvw K[~xd − ~x(k)]

θ(k + 1)− θ(k) =Jinvw TK[~xd − ~x(k)]

θ(k + 1) =θ(k) + Jinvw TK[~xd − ~x(k)]

θ(k + 1) =θ(k) + Jinvw K̃[~xd − ~x(k)]. (3.13)

Notice that we now have a K̃ = TK, directly influenced by T . This gives some insight of the effect
of T in the stability of the control loop. Consider a constant K̃ such that (3.13) is stable. As T
defines the amount of time the system will take to correct itself, a bigger T should be compensated
by a smaller K in order to keep stability.

The result (3.13) still has an issue. The instantaneous nature of (3.6) gives no guarantee to
what happens inside sampling intervals. As a rule of thumb, joint velocities and T should be small.
Gladly, it is the case of the laparoscopy framework proposed in this work.

As we can find both the Jacobian and ~x(k) for the general manipulator case (see [1, 17, 18]
using homogenous transformations or [16] using dual quaternions), (3.13) is a very appealing
iterative solution for the manipulator inverse kinematics and consequently is the current basic
standard for kinematic control. We can further tinker with (3.13) to add singularity robustness and
multiobjective tracking, as will be shown in sections 3.3 and 3.4, respectively. First, it is important
to motivate and introduce the use of dual quaternions in kinematic manipulator control.

3.2 The unit dual quaternion formulation

After the solution (3.13) is found, there is still some ground to be covered until it can be used
as a control strategy.

One basic question is which mathematical object should be used to represent ~x and its deriva-
tives. That is, how to describe rotations and translations of rigid bodies. As the problem we are
trying to solve is the description of the tool pose, we consider only representations that can unify
rotation and translation. Henceforth, some knowledge about dual quaternion algebra is required.
If necessary, notation and operator definitions can be seen on section I.1.

3.2.1 Homogenous transformation matrices × dual quaternions

A homogenous transformation matrix (HTM) ∈ R4×4 has 12 free parameters used to describe
both rotation and translation simultaneously. It is the commonly used tool in the mathematical
development of many robotics textbooks [1, 17, 18]. The HTM is a compact notation that contains
the description of a rotation given by a rotation matrix ∈ R3×3 and the vector representation of
a translation ∈ R3×1. One problem related to the use of HTMs is that they cannot be directly in
the control equation (3.13). That is, even though we can obtain the FKM of a manipulator as a
HTM, we have to convert it to another minimal representation to obtain [~xd − ~x(k)].
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Unit quaternions are a four-parameter rotation representation, constrained to unit norm. They
also carry a unique algebra, being able to represent all rotations with lesser parameters than a
rotation matrix and without representation singularities that hinder the use of minimal rotation
representations. We then show how a unit quaternion is able to represent a arbitrary rotation.

Fact 3.1. Unit quaternion rotation. The rotation of an angle φ around an axis n = nxı̂+ny ̂+nzk̂

can be described by the unit quaternion r as

r = cos(
φ

2
) + sin(

φ

2
)n.

Sequential rotations r1, r2, r3 . . . are described by sequential unit quaternion multiplications r1.r2.r3 . . . .

The inverse rotation is given by the quaternion conjugate.

Fact 3.2. Unit quaternion inverse rotation. The inverse of the rotation given by a unit dual
quaternion r = cos(φ2 ) + sin(φ2 )n is described by its conjugate

r∗ = cos(
φ

2
)− sin(

φ

2
)n.

Unit dual quaternions represent rotations (with the nice properties of the unit quaternions)
and translations simultaneously, using 8 parameters, as follows.

Fact 3.3. Unit dual quaternion rigid body motion representation. The rotation r and the trans-
lation t = txı̂+ ty ̂+ tzk̂ can be described by the unit dual quaternion x as

x = r +
1

2
εtr

in which ε2 = 0, but ε 6= 0. Similarly to unit quaternions rotations, sequential rigid body motions
x1,x2,x3, . . . are described by sequential unit dual quaternion multiplications x1.x2.x3 . . . .

The inverse of operation of a unit dual quaternion is given by its conjugate in a straightforward
operation defined as follows.

Fact 3.4. Unit dual quaternion conjugate. The inverse motion given by a unit dual quaternion x

is given by

x∗ = r∗ +
1

2
εr∗t∗.

3.2.2 Unit dual quaternion kinematic control formulation

In order obtain the unit dual quaternion analogue of Whitney’s formulation, we substitute ~̇x
in (3.9) for its dual quaternion representation, that is

~̇θ = Jinvvec(ẋ), (3.14)

in which ẋ is the generalized velocity, i.e. the dual quaternion representation of ~̇x. Taking into
account the change to the dual quaternion representation, we alter Jw to J ∈ R8×n to correctly
describe the differential relation between arm coordinates and world coordinates. Note that J is
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the dual quaternion analytical Jacobian, which can be found algebraically [16]. Throughout this
work it is very important to always remember that although J ∈ R8×n, the maximum rank of
the dual quaternion analytical Jacobian J is 6, as the dual quaternions have eight terms but two
constraints.

Following the same steps to obtain (3.14), the unit dual quaternion analogue of (3.11) is given
by

~̇θ = JinvKvec[xd − x(t)]; (3.15)

where K is a positive definite matrix, xd is the desired pose, and x(t) is the dual quaternion FKM
of the manipulator at time t. The stability of (3.15) was proven in Pham’s et al work in 2010 [19].
Moreover, we can see that the dual quaternion FKM can be directly used in the control equation.

As the control law (3.14) has a clean notation, it will be used throughout the remaining sections
whenever an example for a kinematic function is necessary. By no means the techniques shown
henceforth are limited to pose control. There are many other kinematic functions which are easily
interchangeable. For instance, we could control only the tool translation using the translation
Jacobian Jp [16, p. 77] and a translation velocity ṫ such that

vec(ṫ) = Jp~̇θ =⇒ ~̇θ = Jinvp vec(ṫ), (3.16)

or even only the tool orientation by using the orientation Jacobian Jo, which is the four upper
rows of J [16, p. 77], and an orientation velocity ȯ such that

vec(ȯ) = Jo~̇θ =⇒ ~̇θ = Jinvo vec(ȯ). (3.17)

Concerning computational implementation, we can use the unit dual quaternions in the discrete
cases (3.12) and (3.13). In the case that we can control joint velocities, we find

~̇θ(k) = JinvKvec[xd − x(k)], (3.18)

in which xd is the desired pose, i.e. the minimal representation of ~xd. Also, x(k) is the current
pose, i.e. the dual quaternion representation of ~x(k). In the case we can control joint positions,
we find

~θ(k + 1) = θ(k) + JinvK̃vec[xd − x(k)]. (3.19)

The formulations using the error [xd− x(k)] are the result of Pham’s et al work [19]. An error
formulation using the conjugate operation instead of a subtraction is shown in the next section.

3.2.3 Error metrics invariant with respect to coordinate changes

We first recall Whitney’s formulation (3.12) given by

~̇θ = Jinvw [~xd − ~x(t)].

Remember that one interpretation of (3.12) is that we send velocities in the direction [~xd − ~x(t)].
This is a vector that points from where the tool is to where we want it to go.
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The dual quaternion formulation derived from (3.12) is given by

~̇θ = Jinvvec[xd − x(t)]. (3.20)

Although the same interpretation can be made to some extent, (3.20) does not have the same
meaning of (3.12) referring to rigid motions.

That parallel is not right because the reverse motion operation in unit dual quaternion space
is not given by a subtraction, but by the multiplication by the conjugate. That is, instead of
xd − x(t), we use

xe = x∗(t)xd.

If we notice that when x(t) = xd, then xe = 1, the frame invariant error metrics e is selected as

e = 1− xe (3.21)

so that when x(t)→ xd, we have e→ 0.

By rewriting (3.16) to use the error metrics (3.21), we obtain one result of Figueredo’s et al
work in 2013 [20],

~̇θ = NinvKvec[1− x∗(t)xd],

in which N ,
−
H(xd)C8J. It can be shown that (3.21) is invariant with respect to coordinate

changes [20].

It is important to highlight that this error can be used in all formulations described in the
following sections for both singularity and redundancy resolutions.

3.3 Workspace singularity resolutions

In this section some of the most used strategies for singularity robustness are reviewed. All tech-
niques are then modified to use the unit dual quaternion formulation, which are the contribution
of this section.

Let us start by better understanding what workspace singularities are and the problems they
cause. A very handy tool to help our visualization is the singular value decomposition (SVD).

Definition 3.5. Singular value decomposition [21, p. 412]. For every A ∈ Rm×n of rank r, there
are matrices U ∈ Rm×m, with UUT = I; V ∈ Rn×n, with VVT = I; and a diagonal matrix
D = diag(σ1, σ2, . . . , σr) ∈ Rr×r such that

A = U

[
D 0

0 0

]
VT = UΣVT ,

with σ1 ≥ σ2 ≥ · · · ≥ σr ≥ 0. The scalars σi are the singular values of A. The matrix U is formed
by the output singular column vectors ~ui and V by the input singular column vectors ~vi.

With the SVD defined, let us remember how to obtain the Moore-Penrose pseudoinverse [21,
p. 423].
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Definition 3.6. Moore-Penrose inverse. Given a matrix A ∈ Rm×n with a singular value decom-
position as in Definition 3.5., its Moore-Penrose inverse is given by A† ∈ Rn×m such that

A† = V

[
D−1 0

0 0

]
UT .

This inverse has an interesting property. When m ≤ n, using A† gives us the solution with
minimal Euclidean norm.

With those definitions, we can now more intuitively understand singularities. Using the Moore-
Penrose inverse in (3.14) and remembering that J ∈ R8×n, we obtain

~̇θ = J†vec(ẋ) (3.22)

= V

[
D−1 0

0 0

]
UTvec(ẋ)

=
[
~v1 · · · ~vn

] [D−1 0

0 0

]
~uT1
...
~uT8

 vec(ẋ)

=
r∑
i=1

(~uTi vec(ẋ))
σi

~vi.

As J is a continuous function of ~θ and so are its singular values, when the system tends to a
singular configuration one or more singular values tend to zero [22]. This effect causes ~̇θ in (3.22)
to tend to infinity, even when vec(ẋ) is small. Such increase in joint velocity is undesirable, being
dangerous for the robot and any person or object that it might be interacting with.

It is very important to notice that singularities are not exclusive to the resolved motion proposed
by Whitney, but it is inherent of the mapping from arm coordinates to world coordinates. In
addition, singularities cannot be restricted to isolated regions of the workspace [23].

Even though singularities received some attention from Whitney himself in a later compilation
of works [24], it seems the initial singularity avoidance resolution was not correctly considered. In
1983, Klein & Huang [25] concluded from [24] that, as singular configurations can be character-
ized by high joint velocities, using the Moore-Penrose inverse—remember that this pseudoinverse
provides the minimum norm solution—would naturally avoid them. In the following year, Bail-
lieul et al refuted Klein & Huang’s claim, showing that the local nature of the Moore-Penrose
pseudoinverse optimization can generate trajectories arbitrarily close to a singularity [26].

By 1986, Wampler [22] gave kinematic control a push by finding a more efficient computation
of J for the redundant manipulator. This computation is still used in recent textbooks [1, 18, 17].
Not only that, but he also proposed the use of damped least-squares—also known as Levenberg-
Marquardt stabilization—to partially solve the singularity problem. We then recall its definition.

Definition 3.7. Damped least-squares pseudoinverse. Given a matrix A ∈ Rm×n and a damping
parameter α > 0 ∈ R, the damped least-squares pseudoinverse of A is given by

A+ = AT (AAT + α2I)−1.

As (AAT + α2I) is always a positive definite matrix, it is therefore invertible.
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By using the damped least-squares in (3.14), we obtain

~̇θ = J+vec(ẋ) (3.23)

= JT (JJT + α2I)−1vec(ẋ)

=
r∑
i=1

σi(~u
T
i vec(ẋ))

σ2i + α2
~vi.

We can then see that instead of increasing indefinitely, the joint velocities now tend to zero as the
robot tend to a singular configuration. Not only that, but it can be shown that the increase in
joint velocities norm caused by the proximity to a singularity is bounded by 1/(2α) [23].

Although resorting to the damped least-squares pseudoinverse protects the manipulator from
the dangerous increase in joint velocities caused by singularities, ~̇θ in (3.19) is no longer the exact
solution to ẋ. This is clear because we are obtaining the solution to a modified J. In most
human-robot interaction scenarios however, this may be a negligible side effect.

Even so, it seems unreasonable to always use the damping factor in the inversion. When the
manipulator is far from singular configurations, there is no point in obtaining the damped solution.
If we can obtain some measure of the closeness to a singularity, we can then decide when such
damping should occur. The most accurate measure of proximity to singularities is the same as the
measurement of ill conditioning, the condition number [21]. Therefore, we recall its definition from
[21, p. 414].

Definition 3.8. Condition number. Given a matrix A ∈ Rm×n of rank r with singular values
σ1, σ2, . . . , σr; its condition number is given by

κ =
σ1
σr
.

Back to the kinematic control problem, the largest the value of κ ≥ 1 for J, the closer the
manipulator is to a singularity. To avoid dealing with large numbers, the reciprocal of κ is normally
used. We can then define a threshold λ > 0 ∈ R for 1/κ, such that the damped inverse is only
used when 1/κ ≤ λ. Moreover, the damping factor could begin small and increase to a maximum
αmax when the manipulator is at the singularity.

This strategy can be improved even further. When one singular value is small, the system is
only ill conditioned in one direction, given by the output singular vector related to that singular
value. Exploiting this property, we can apply numerical filtering proposed in 1988 by Maciejewski
[23] to the damped inverse so that it only damps velocities in the unfeasible direction. Instead
of using the condition number, Maciejewski opted for the minimum singular value for its similar
performance [27] and cheaper computation. Applying all this to our system (3.14), we get

~̇θ = JT (JJT + α2~u6~u
T
6 )
−1vec(ẋ),

α2 =

0 σ6 ≥ λ

(1− (σ6λ )
2)α2

max σ6 < λ
. (3.24)

When at least two singular values are small, we can apply an isotropic damping β > 0 ∈ R to
damp all directions. The final version of this controller is the result of Chiaverini’s 1997 work [28,
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p. 401], given by
~̇θ = JT (JJT + β2I + α2~u6~u

T
6 )
−1vec(ẋ), (3.25)

with α2 as in (3.24).

All the discussed solutions are applicable to one human-robot interaction scenario or another,
depending on the safety restrictions and the computational power available. There are settings (e.g.
medical applications), however, in which neither high joint velocities near singular configurations
given by the Moore-Penrose inverse nor reconstruction errors given by the damped inverse are
acceptable. In those cases, the most reasonable solution is to use a redundant manipulator and
exploit its extra degrees of freedom to evade kinematic singularities.

3.4 Kinematic redundancy resolutions

In this section we review the most common strategies for redundancy resolution. These schemes
are modified and applied using the unit dual quaternion framework.

Redundancy is easier to visualize than workspace singularities. Consider a linear system given
by

J~̇θ = vec(ẋ), (3.26)

with J ∈ Rm×n. If we have m ≤ n and rank(J) = m, there may be infinite solutions for a given
ẋ. In pose control terms, the manipulator is considered redundant if it has more than 6 degrees of
freedom.

This issue was tackled by Whitney himself in his pioneering work in 1969 [15]. He proposed
the use of a pseudoinverse to obtain the optimal solution in a least-squares sense such as in (3.22).

Although his solution is interesting, redundancy can have other applications. For instance,
there are tasks more easily described as two objectives. Examples would be moving our hand
while preventing our shoulder from hitting a surface (controlling two points simultaneously in the
kinematic chain); or trying to grab a cup while avoiding hitting our hand on an obstacle.

For the wide range of possible tasks describable by multiple objectives, redundancy exploitation
became the theme of many works in the 1980’s. One technique proposed by Sciavicco & Siciliano
in 1988 is the augmented Jacobian algorithm [29]. We first define a vector ~c(θ) describing the
secondary objective only in terms of ~θ. Then, we observe the relationship between the secondary
objective derivative ~̇c(θ) and the joint variables

∂~c(θ)

∂~θ
~̇θ = Jc~̇θ = ~̇c(θ). (3.27)

If we are able to find the secondary objective gradient Jc we can write the augmented Jacobian
Jaug as

Jaug ~̇θ =

[
J

Jc

]
~̇θ =

[
vec(ẋ)
~̇c(θ)

]
.

This formulation allows having a secondary objective with the same priority as the first. How-
ever, when any row in Jc is linearly dependent from those of J we face algorithmic singularities.
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Those singularities are the mathematical manifestation of simultaneously trying to reach two con-
flicting objectives with the same priority. Of course there is no problem whenever we can find a
linearly independent secondary objective, but that is no easy task [28].

Instead of giving both objectives the same priority, we can delegate different levels for each one.
Liegeois [30] discussed how to do so in his work in in 1977. The idea is to project the secondary
objective in the nullspace of the Jacobian of the primary objective. One such projector is

P = (I− JinvJ), (3.28)

in which Jinv is one of the inverses discussed in section 3.3. To maintain pose control as the first
priority and (3.27) as a secondary objective, our control law becomes

~̇θ = Jinvvec(ẋ) + PJinvc ~̇c(θ). (3.29)

The use of P causes the system to use motions that do not disturb the primary objective to
perform the secondary one. This is very interesting and there is a myriad of available secondary
objective options, such as joint limit avoidance, obstacle avoidance and singularity avoidance. Some
examples are shown in [1, p. 126].

Making an example of our own, consider controlling the current tool translation t as the
primary objective, and the tool orientation o as the second one. Such strategy is useful when using
a manipulator with less than six degrees of freedom. The resulting control law is

~̇θ = Jinvp Kpvec(td − t) + (I− Jinvp Jp)J
inv
o Kovec(od − o), (3.30)

in which td and od are the desired translation and orientation, respectively. Moreover, Kp and Ko

are the gain matrices for each objective.

Although there are many interesting applications for redundancy, we focus now on singularity
avoidance. This will be useful when discussing medical applications.

There are some approaches related to evading singular configurations known a priori. That
is, if we know that a certain configuration ~θs is singular, we may write ~c(θ) as a configuration
evasion function. For example, Chiaverini et al in 1990 [31] described the kinematic singularity
set of a seven joint manipulator and derived its configuration evasion function. Such solution is
very interesting when those configurations are known, because ~c(θ) becomes a simple and cheap
function to compute.

Related to this approach, a recent work by Bohigas et al in 2013 [32] found how to numerically
compute the kinematic singularities of any given nonreduntant manipulator. For those, it is an
interesting choice to obtain such singular configurations and use a cheap function to evade them.
However, the extension of this framework for redundant manipulators is still a work in progress.

Despite the advantage of having a smaller computational cost, it is rather restrictive to have to
find a function for each manipulator geometry. A more generic approach may be more interesting.

We can now introduce the very well known work by Yoshikawa in 1985 [33], where he introduced
the concept of manipulability measure w ∈ R+ given by

w ,
√

det[JwJTw]. (3.31)
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If we perform some basic operations

w =
√
det[JwJTw]

=
√
det[UDVTVDUT ]

=
√
det[UDDUT ],

as the determinant is invariant to similarity transformations (simple corollary of the distributive
property of the determinant [21, p. 467]) we have

w =
√

det[DD]

=
√
σ21.σ

2
2 . . . σ

2
r

∴ w = σ1.σ2 . . . σr.

We can see that w is the product of the singular values of Jw or zero when rank(Jw) < r .

Yoshikawa stated that w is equal to the volume of the manipulability ellipsoid and that it
could be a good means for the analysis, design and control of robot manipulators. This measure
was exceptionally attractive because the determinant in some arm geometries can be calculated
explicitly as a function of joint angles and the gradient is easily obtained from it [27]. Yoshikawa’s
dexterity measure received a lot of visibility in manipulator research, in works related to singularity
avoidance [34, 35, 36], manipulator design and workspace optimization. Moreover, there is a
reserved space for manipulability discussion in most robotics textbooks [1, 17, 18].

Note that all formulations described in this section and the next are local optimizations and,
therefore, are limited. Even so, they perform well in the applications described in this work.
Although global optimization is an interesting subject, it will not be discussed.

In the next section, some issues involving w are discussed. Also, a numeric method for com-
puting the gradient of another dexterity measure is exposed, which is a contribution of this work.

3.4.1 Numerical calculation of secondary objective gradients

Although w is the product of the singular values, the determinant is not a good measure of
closeness to singularities [21, p. 466]. This issue was observed in 1987 by Klein & Blaho [27],
who also noted that the only reliable measure of closeness to singularities is the condition number
or even the minimum singular value. For instance, it is noticeable that for large variations of
the condition number, w may stay constant. However, the condition number cannot be expressed
analytically as a function of joint angles [27]. It seems that mostly for this reason this measure
did not become so widespread.

Note that for the unit dual quaternion Jacobian J, the manipulability as defined in (3.31) is
not applicable. As the maximum rank of J is 6 and JJT ∈ R8×8, det[JJT ] = 0 ∀ ~θ. For such
measure to be useful, the unit dual quaternion manipulability measure wdq is defined as

wdq , σ1.σ2. . . . .σ6.
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However, as the singular values should be found for wdq instead of the determinant as in w, the
analytical solution is lost. Hence, the condition number is simpler and seems more suitable for the
unit dual quaternion case.

In order to use the condition number in the task-priority formulation in a way similar to (3.29),
we first need to find its gradient in relation to θ. Although numerically finding the condition
number is easy, as mentioned before its gradient is not. We then focus on numerically obtaining
the derivative of the condition number of J in relation to each θi, for i = 1, . . . , n. For this purpose,
we obtain the singular value decomposition of J as

J = U

[
D 0

0 0

]
VT ,

in which U ∈ R8×8 such that UUT = I8×8; V ∈ Rn×n such that VVT = In×n; and D =

diag(σ1, σ2, . . . , σ6) in which σ1, σ2, . . . , σ6 are the singular values of J.

The condition number of J, κ(J) ≥ 1, is then defined as

κ(J) =
σ1
σ6

and measures the degree of distortion of the manipulability ellipsoid. For a cleaner notation,
consider κ(J) = κ(θ) with no loss in meaning, since J is a function of θ. The interesting property
of the condition number is that the bigger the value of κ(θ), the closer J is to a singularity4. Also,
when κ(θ) = 1, J has the best possible theoretical conditioning (it is an orthogonal matrix).

With those definitions, our objective becomes the numerical computation of the partial deriva-
tives

∂(κ(θ))

∂(θi)
,

for each θi. First, we highlight that in a physical manipulator, each and every joint θi is driven by
a motor with position sensing. Independently of how this measurement is done, it has a precision
given by λi. That is, any reading only guarantees that the joint is positioned within an interval
θi ± λi.

Then, we define some selector vectors si ∈ Rn×1 such that

s1 =
[
1 0 0 · · · 0

]T
,

s2 =
[
0 1 0 · · · 0

]T
,

...

sn =
[
0 0 0 · · · 1

]T
.

Consider any real number δi ≤ λi. To compute the partial derivatives we can use finite
differences given by

∂(κ(θ))

∂(θi)
≈ κ(θ + si.δi)− κ(θ)

δi
. (3.32)

4To avoid problems with the discontinuity when σ6 = 0, 1/κ(θ) is usually preferred over κ(θ). In any case, the
discussion that follows applies to both cases.
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Figure 3.1: Manipulator configurations during the simulations: initial configuration (left) and final
configuration (right).

This requires the computation of κ(.) n+ 1 times. By using (3.32) we are obtaining the expected
value of ∂(κ(θ))/∂(θi) in the interval [θi, θi + δi], considering that any value inside the interval is
equally likely to be the real joint position. Using this gradient, singularity evasion can be projected
in the nullspace of the first task for singularity avoidance on any serial link manipulator.

3.5 Kinematic controllers evaluation: simulations

In order to give the reader an illustrative example of the controllers functionality, a simu-
lated experiment was devised using a software framework composed of ROS5, OpenRAVE6, and
DQ_robotics7.

In this example, the computational implementations of four controllers described in this chapter
are evaluated in a pose control task, with respect to singularity robustness and convergence time.
The first controller has no singularity robustness by directly using the Moore-Penrose inverse (3.22),
the second controller uses the damped inverse (3.23), the third uses the damped numerical filtered
inverse (3.25), and the last is the task-priority controller using damped inverses (3.30).

The selected manipulator was a simulated version of the 7 degrees-of-freedom Schunk LWA3.
The task, to be performed by all controllers, was to move from an initial singular configuration

θ =
[
0 π

2 0 0 0 0 0
]T
,

to the final singular end effector pose

p
d
= k̂ − ε1.305

2
.

Figure 3.1 shows the initial and final configurations of the robotic manipulator. It is important to
highlight that the initial and final configurations were chosen to be inside singular regions.

5ROS is the Robot Operating System which is a collection of software tools and libraries to aid in robotics related
software development. Source: http://www.ros.org/

6OpenRAVE provides a simulated environment for testing robotics related applications. Source:
http://openrave.org/

7DQ_robotics is a software library in which kinematic control algorithms related to dual quaternions are imple-
mented. Source: http://sourceforge.net/projects/dqrobotics/
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The controllers are considered to have reached the target pose when the selected error mea-
surements are within a 10−2 tolerance. In the pose controller with damped pseudoinverse, in the
one with Moore-Penrose pseudoinverse, and in the one with numerical filtering, this tolerance is∥∥∥vec(p

eff
− p

d

)∥∥∥ < 10−2

and, in the priority controller, this tolerance is

‖vec (teff − td)‖ < 10−2.

During the simulations, the sample rate used in the simulation was 100Hz. Also, the scalar gains
for the controllers based on (3.23), (3.25), and the controller with Moore-Penrose pseudoinverse
were selected as K = 0.35, and the gains for the task-priority controller were chosen as Kp = 0.25

and Ko = 0.05.

The damping factors were λ2 = 0.1 in the pose controller with damped pseudoinverse; λ2 = 0.1,
β2 = 0.01 and µ = 0.1 in the numerical filtered controller, and λ2translation = 0.15, λ2rotation =

0.4 in the task-priority controller with translation priority. In conjunction with the gains, the
damping factors were chosen as to make the upper-bound for the joint velocities equal to 0.5rad/s,
considering that the maximum angular velocity of any joint of the Schunk robot8 is approximately
0.8 rad/s. Figure 3.2 presents the performances of each controller.

3.5.1 Results & discussion

The results of the controller with damped pseudoinverse and of the numerical filtered controller
are hard to distinguish. As the damping is approximately the same for both controllers, the
effectiveness in pose control is slightly noticeable from the difference in the convergence time. While
the numerical filtered controller converged in 53.51 s, the controller with damped pseudoinverse
converged in 53.54 s. This small difference can be explained by the fact that the numerical filtered
controller gives a more accurate inverse far from singular configurations.

On the other hand, the task-priority controller with translation priority had a different behav-
ior. As we chose smaller gains for this controller in order to obey the constraint of joint velocities
(i.e., < 0.5 rad/s), it converged slower than the damped and the numerical filtered controllers
(approximately 80 s). In addition, the prioritized scheme was also robust to the singular configura-
tions, suggesting that the partitioning of the Jacobian matrix into smaller matrices improved the
numerical conditioning of the whole system. However, aside from the empirical results we did not
perform any theoretical study to support this claim. As a consequence, in future works we intend
to investigate the supposedly robustness of the prioritized scheme with dual quaternions from a
theoretical standpoint.

The last controller, which makes use of a classic Moore-Penrose pseudoinverse, shows the
negative effects of the ill-conditioning near singular configurations. Due to the singularity at the
initial pose, some joints reached velocities of 28175.7 rad/s in the first iteration, which is completely
unfeasible in practice. This caused an impulse response in Figure 3.2 at 0 s. The manipulator was

8http://www.schunk.com/schunk_files/attachments/PRL_gesamt_EN.pdf

34



only able to converge because dynamical aspects were not taken into consideration in the simulation
and because we used low gains (for larger gains this usually leads to complete instability). In this
way, the manipulator was able to recover itself once outside the singular configuration. However,
in practice these extremely large velocities can cause damage to the robot.

3.6 Conclusion

This chapter started with the introduction of Whitney’s resolved motion rate control. After
rewriting his framework using unit dual quaternions, more advanced techniques for singularity
robustness and redundancy exploitation were also adapted.

Now that all relevant works and concepts concerning singularity robustness and redundancy
resolutions have been discussed, they will be introduced in the medical robotics context in the
following chapter.
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Controllers using damped inverses (hardly distinguishable between using (3.23) and (3.23))
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Figure 3.2: Comparison between the performances of the controllers. Note that in the controller
without singularity robustness (bottom left), the robot joint velocities reach hazardous values.
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Chapter 4

Robotic Laparoscopy

“As to diseases, make a habit of two things– to
help, or at least to do no harm.”
–Hippocrates, in Epidemics, 1:11

Now that kinematic control of manipulators was reviewed, we begin by exploring the state
of the art in robotic laparoscopy in section 4.1. Afterward, in section 4.2, a novel method for
laparoscopic control for any redundant manipulator is shown, which is the main contribution of
this work. Then, in section 4.5, the controller is used in a simulated endoscope positioning task,
so it can be evaluated in terms of variables such as trocar point safety and operational intuitivity.

4.1 State of the art

Works related to laparoscopic surgery are mostly concerned with safely maneuvering a tool
while considering the constraints imposed by the trocar point. Robotic devices need to generate a
virtual pivoting point, called the remote center of motion (RCM). During the surgical procedure,
it is necessary that the trocar point, on the patient, coincides with the RCM, on the device.

In the literature, the possible forms of RCM generation using robots are commonly divided
into three distinct techniques that use: (1) robots with special mechanical devices, (2) robots with
passive wrists, or (3) fully actuated robots.

4.1.1 Robots with special mechanical devices

The first form of RCM generation is also the most common. It comprises robots with special
mechanical structures that inherently generate the remote pivoting point for the laparoscopic tool.
For instance, a simplified mechanical structure with those characteristics is shown in Figure 4.1
(left).

By positioning the RCM of the structure to coincide with the trocar point, the patient is
mechanically protected and the accuracy of the restrained motion of the tool is assured. Robots
with those characteristics focus on a dedicated surgical technique or treatment, like the daVinci
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Remote center of motion

Mechanically generated RCM

Passive joint

Trocar point

RCM generation using passive wrist
Actuated joint

Figure 4.1: Example device for mechanical RCM generation (left). Example robot with a passive
last joint generating the RCM (right).

from Intuitive Surgical [37]. They are precise and reliable, but have the disadvantage of being high
cost and have restricted use to the specific application they have been developed for. Works using
this technique [38, 37] mostly focus on the mechanical design of the specialized structures; and
the controller designs are simple and case dependent, as the laparoscopic constraints are solved
mechanically.

4.1.2 Robots with passive wrists

The second technique for RCM generation uses passive wrists, i.e. some of the last robot joints
are encoded but comply to any external force applied on them. By using such special wrists to
hold a laparoscopic tool, the RCM is generated by the small reaction forces exerted from the trocar
point, passively providing safety for the patient. A simplified robot with a passive wrist is shown
in Figure 4.1 (right).

Systems that use this technique require an external device to constantly estimate which point
of the tool is in contact with the trocar point, so that the passive joints can be correctly positioned
using the actuated joints. Therefore, any imprecisions on the estimation of the trocar point position
decrease the accuracy of the tool positioning. Moreover, as the physical trocar point is not an ideal
pivoting point, more inaccuracies are added in this design [39]. For those reasons, such devices are
mostly restricted to camera control tasks [13, 39], in which positioning inaccuracies only result in
the bad centering of the camera image.

Given their challenges, there has been much effort into designing and developing control tech-
niques to perform laparoscopic movements with passive wrist mechanisms.

For instance, Funda et al [39] used a ceiling-mounted robot with a passive 2 degree-of-freedom
wrist in a laparoscopy scenario. Their controller used a constrained cartesian control based on an
extended Jacobian technique, which may be extensible to fully actuated manipulators. However,
the different motions expected in an endoscope (translation, zoom and rotation) are atomized in
three different controllers, with no clear description of how they could be used simultaneously.
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Munoz et al. [13] proposed a cartesian controller with an adaptative proportional-integral
control law. This controller moves the endoscope while compensating for uncertainties in the
trocar point estimation, but the formulation is restricted to a specific manipulator geometry.

Ortmaier and Hirzinger [40] designed a cartesian controller for the AESOP, while also estimating
the trocar positioning. Both techniques may be applicable to other passive wrist robots, but not
to the fully actuated manipulator. Many other works, especially in the design of such systems are
reported in [41].

4.1.3 Fully actuated robots

The last RCM generation technique uses fully actuated robots, which are intended to be adapt-
able to various existing and future medical procedures, like the newly proposed MIRO system from
DLR1 [12]. In such platforms, the RCM is programmed according to the intended surgical pro-
cedure and obtained under coordinated control of multiple joints. Such motions can be achieved
under a large variety of high degree-of-freedom robots. It has advantages of pivot flexibility, in-
creased maneuverability and overall versatility. Moreover, as all the robot joints are actuated, its
precision is not reliant on the estimations of the trocar point position.

Despite those advantages, this approach is traditionally less favored by clinicians because of
its reliance on software means to maintain the required RCM constraint. Generating the RCM
by software is seen as a possibly fatal source of error and every control algorithm in this category
must prove itself safe enough. The works in this category mostly focus on safe RCM generation
strategies and how to deal with possible workspace singularities.

Concerning dexterity, many works try optimizing the robot workspace with metrics such as
manipulability (described in section 3.3 on page 26) aiming the safest possible singularity wise
work volume.

For instance, the use of an industrial manipulator for laparoscopic surgery has been evaluated
in [42]. In this work, they proposed a manipulability metric to choose a proper operational area
in the robot task space. Another research group [43] has also proposed optimization techniques to
find the best position for the RCM with respect to the robot base.

Many research groups have proposed control methods for fully actuated robots used on la-
paroscopic scenarios; either platform dependent approaches or more general methods applicable to
redundant manipulators.

Regarding platform specific approaches, Mayer et al [44] proposed a joint controller method
that uses analytical inverse kinematics specific to their manipulator geometry. More recently,
another platform-dependent alternative has been proposed for a parallel manipulator in [45].

Concerning works applicable to any manipulator geometry, Michelin et al. [46] proposed a
dynamic task-posture scheme for torque-controlled robots which was evaluated in a 3 degrees-of-
freedom simulated planar robot. This scheme controls the tool positioning as a first objective
while the RCM constraint is treated as a secondary one, by using a nullspace projection scheme

1DLR is the aeronautics and space research centre of the Federal Republic of Germany.
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similar to (3.29). As mentioned in section 3.4 on page 29, while such control law tries reaching the
secondary objective, it has no guarantee of convergence contrary Michelin et al claims. Therefore,
the RCM generation should not2 be a secondary objective in (3.29) and related formulations.

Another general control method has been proposed by Azimian et al [47], which is based on
a Jacobian task priority method for redundant robots. This strategy assures the RCM constraint
as a first objective, while the tool positioning is considered a secondary one. Such controller was
evaluated in a simulated task using a 6 degrees-of-freedom robot. However, as the tool positioning
was considered a secondary objective, it showed considerable deviation from the desired trajectory.
Such approach shows a comparable flaw to Michelin et al [46] approach, where a vital objective
was considered secondary. Moreover, only the positioning of the tool-tip is controlled, which means
that its orientation is left as a free variable in the inverse kinematics minimization. Thus, not only
the tool-tip has tracking errors but it also has arbitrary rotations around its axis. Although this
last issue can be dealt with by inserting tool orientation in the control loop, the tool-tip pose
will still be only treated as a secondary objective and, as such, will not have any guarantee of
convergence.

4.2 Novel endoscope control using redundant serial link manipu-
lators3

In our setup, a manipulator was acquired in order to further research RCM generation using
fully actuated robots. Our interest is not to design a controller only for this manipulator, but one
that may be applied to any serial link manipulator geometry. Such formulation would ease the
comparison between different manipulator geometries.

From all the related work reviewed in the last section, the ones from Azimian et al [47] and
Michelin et al. [46] come closer to our needs; however, we need to find a solution that does not
share their drawbacks. Recapitulating, the former treats tool-tip control as the first objective,
while the RCM maintenance is considered a secondary goal; which results in arbitrarily high RCM
errors. The latter treats the RCM constraint as the first objective, while the tool-tip control is the
second; which results in arbitrarily high deviations from the desired tool trajectory.

Therefore, we must find a strategy in which there is a reasonable trade-off between tool-tip
positioning and RCM error. This motivates the development of another controller, which is the
main contribution of this work.

A last issue commonly neglected by other works is how the commands to move an endoscope are
sent to the controller by using an user interface (e.g. voice, haptic device, joystick etc). This subject
is often left unnoticed, but surgeons usually have strong expectations about system simplicity and
performance, while presenting low tolerance for interfaces that impede their work.

Therefore, for camera control we need a framework that can receive simple (1) up-down, (2)
2In the case that the secondary objective is orthogonal to the first, such strategy should work. However, in this

case the nullspace projection would be unnecessary.
3This section requires knowledge about basic dual quaternion algebra. If necessary, notation and operator

definitions can be seen on appendix I.1.
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right-left, (3) around-itself rotation and (4) in-out commands; which are enough to control any
angled endoscope. From those, the framework should perform the reference tool tip displacements,
while dealing with the RCM restriction and mirrored movements internally.

User interfaceSurgeon

Monitor image

Reference generation Interpolation

Kinematic controller

Endoscope controller

Robot

Figure 4.2: Laparoscopy control system overview. In this section the elements inside the red
rectangle will be described.

We now go back to our laparoscopy scenario as described in section 2.2. At the beginning of
the robot-aided procedure, the patient is laid face-up in the operating table. After their abdomen
have been insuflated, the trocar is placed. The robot is already positioned near the patient. With
the robot in compliant mode, the surgeon manually guides the endoscope and inserts it through
the trocar.

The surgeon has a monitor to see the camera images directly from the patient’s abdominal
cavity and an user interface to give endoscope movement commands.

A diagram showing the principal elements of the operation room is shown in Figure 4.2. For a
better description of the devised endoscope controlling system, it was divided into three elements:
reference generation, interpolation and the kinematic controller.

4.2.1 Reference generation

We first recall that a manipulator robot is described by the frame transformations between its
links, summarized in its DH parameters. Now that the robot has an endoscope attached on its
last link, this should be accounted as a new link in the robot kinematic chain.

As we are not restricting our development to a specific robot configuration, we cannot specify an
unique last frame transformation. Instead, we define the subsequent convention: immediately after
the initial setup, the translation of the end effector must be given by the point on the endoscope
that has the same translation as the trocar. Its z-axis is given by the endoscope shaft pointing
inside the patient, its y-axis in the direction of the endoscope camera “up” direction, and its x-axis
selected to finish the right hand reference frame.

By following this convention, the end effector will initially have the same translation as the
trocar, which is where the RCM will be generated. We then define the RCM pose as xrcm , x(0).
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As the last link transformation is dependent on the trocar point translation, a reasonable
question is how the relative positioning of the endoscope and the trocar point can be found. One
approach is to mark one known point along the endoscope shaft, so that point should coincide
with the trocar point when manually placing the endoscope. The inherent inaccuracy of manual
placement can be countered by the flexibility of the patient’s skin. An external device can be used
to grant more precision in the point coordinates if necessary. With a visual marker placed in the
trocar point and another along the endoscope shaft, the coinciding point can be found with as
good precision as the tracking device allows. Note that, in contrast with passive wrist devices,
only one measure is needed and there is no need for continuous estimation of the trocar point.

left right

in

out

up

down

in out

Figure 4.3: Omega 7 views. Top view (left). Side view (right). (source: ForceDimension)

With xrcm following the given convention, it is easy to translate the desired camera movements
into end effector motions. Considering any user interface, at each instant k the uα(k) (up-down),
uβ(k) (right-left), uγ(k) (around-itself), and uz(k) (in-out) commands are obtained each from an
independent degree of freedom in the interface. For instance, suppose the surgeon uses an Omega
7 haptic device to control the endoscope in relation to the images shown in the monitor. In Figure
4.3, it is shown which hand movements the surgeon should perform.

The u functions provide any necessary filtering of the raw signal sent by the device; such as
bias, scaling, and so on. It is paramount that u(0) = 0 for all inputs.

1. To perform an up-down camera movement, we rotate the end effector around its x-axis, with
the quaternion rx(k) = cos(uα(k)/2) + ı̂ sin(uα(k)/2) (positive uα(k) moves “down”).

2. The right-left camera motion is made by the rotation of end effector around its y-axis, using
ry(k) = cos(uβ(k)/2) + ̂ sin(uβ(k)/2) (positive uβ(k) moves “left”).

3. For angled endoscopes, the around-itself camera motion is obtained by rotating the end
effector round its z-axis, using rz(k) = cos(uγ(k)/2) + k̂ sin(uγ(k)/2) (positive uγ(k) moves
clock-wise).
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xd(k)

xd(0) = xrcm

4 DOF constraint

y

x

z

Figure 4.4: Kinematic chain last frame transformation (left). End effector reference motion (right).

4. Finally, the in-out camera motion is given by a translation along the end effector z-axis,
using tz(k) = 1 + (1/2)εk̂uz(k) (positive uz(k) moves “in”).

Therefore, in any given procedure time, the desired end effector pose is given by

xd(k) = xrcmrx(k)ry(k)rz(k)tz(k). (4.1)

As we selected xrcm coinciding with the trocar point and restricted the movements to only the
four degrees of freedom available in a pivoting point, any reference generated this way also meets
the trocar constraint.

4.2.2 Kinematic control scheme

With reference generation solved, we now need to use them in the kinematic controller. For
the sake of simplicity, we restrict the discussion to a manipulator whose joint positions can be
controlled. However, as seen in section 3.2, it is very simple to find the joint velocity controlling
equations. We start with the closed loop dual quaternion pose controller with invariant error
metrics (section 3.2.3)

~θ(k + 1) = ~θ(k) + KNinv vec(1− x∗(k)xd(k)). (4.2)

Recalling: x(k) is the current pose of the end effector given by the FKM. K is an arbitrary positive
definite gain matrix. N is the modified Jacobian to comply with the transformation invariant error
metrics and xd(k) is given by (4.1).

By using (4.2), we need to select a suitable inversion for N. As shown in section 3.3, we may
either choose a damped inverse or the Moore-Penrose inverse. While the damped inverse protects
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x(k)

xd(k)

RCM

x(k)

xd(k)

RCM

Figure 4.5: Non-interpolated path, where the intermediary poses do not keep the RCM constraint
(left) and interpolated path with intermediary RCM constrained poses (right).

the system from large velocities near task-space singularities, it results in end effector tracking
errors. The Moore-Penrose inverse allows precise tracking but may be dangerous near singular
configurations. In fact, those two provide trade-offs in which neither options are acceptable. In
our case, we need to use the Moore-Penrose inverse when possible, so that the end effector tracking
is precise. When near singular configurations, the procedure should stop and demand manual
reconfiguration.

We can optimize the manipulator workspace to reduce procedure halting as much as possible
with the related works described in section 4.1. Adding another layer to that protection, the robot
can try4 evading singularities at run-time. As shown in section 3.4, this can be done by projecting
a singularity evasion function s(θ) in (4.2) nullspace which results in

~θ(k + 1) = ~θ(k) + KN† vec(1− x∗(k)xd(k)) + PNKsJ
†
s(~s(θ)− ~sd). (4.3)

Recapitulating: PN = (I −N†N) is the nullspace projector. Ks is an arbitrary positive definite
gain matrix for the secondary objective. ~s(θ) is a singularity evasion function, ~sd is the desired
value for ~s(θ), and Js = ∂~s(θ)/∂~θ. Whenever necessary, note that e(k) =‖ vec(1− x∗(k)xd(k)) ‖ .

A last issue when using (4.3) is related with the motion the end effector performs between the
current end effector pose and the reference. Although the closed loop scheme converges, the path is
defined by the inversion of the Jacobian and the error definition. For instance, the Moore-Penrose
inverse of N results in a joint path with the least-squares velocity with no concern with the RCM
constraints. This problem grows when the reference is farther from the current pose.

4Nullspace projection allows “trying” only. The false claim of convergence in this case is far too common in the
literature.
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x(l)xrcm

rlrcm

tlrcm

using tlrcm = tx ı̂+ ty ̂+ tz k̂
using tlrcm = tz k̂

xrcm

Figure 4.6: The end effector description as seem from the RCM, considering the laparoscopy
constraints (left). Noisy translation adjustment visualization (right).

The only guarantee we have by using (4.3) in a singularity free path with a suitable K is
exponential convergence. That is, for a constant reference, we have e(k + 1) < e(k). Considering
this, we can avoid problems of having the current pose x(k) far from the desired pose xd(k) by
adding N ∈ N − {0} intermediary references that also keep the RCM constraint. An illustrative
comparison of using such interpolation or not is shown in Figure 4.5 where one can see how
hazardous it could be to ignore such issue.

4.2.3 Dual quaternion constrained interpolation

In order to generate N intermediary RCM constrained poses between x(k) and xd(k), we must
first find their descriptions in relation to the RCM.

Consider then that the interpolation is made in an instance l, in which we store x(l), the
end effector pose at instant l, and xd(l), the desired end effector pose at instant l. They will
be, respectively, the beginning and ending poses in our interpolation. Then, we need to obtain
the constrained description of x(l) as if it was given by (4.1). That is, the rotation rlrcm and the
constrained translation tlrcm so that xrcmrlrcmtlrcm equals x(l), as shown in Figure 4.6. For that
purpose, we note that

x(l) = xrcmxlrcm, (4.4)

for some xlrcm that describes the motion from xrcm to x(l). From (4.4), we can obtain rlrcm by
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noticing

xlrcm =x∗rcmx(l)

=⇒ P(xlrcm) =P(x∗rcmx(l))

∴ rlrcm =P(x∗rcmx(l)). (4.5)

With (4.5), we can obtain the translation from the RCM to x(l) as given by

tlrcm =translation((xlrcmrlrcm)
∗x(l)).

Due to the RCM constraint, tlrcm can only be a translation in the z-axis. However, numerical and
kinematic inaccuracies may cause it to be some

tlrcm = txı̂+ ty ̂+ tzk̂,

with tx 6= 0 and ty 6= 0. To correctly interpolate points between two poses that maintain the RCM
constraint, we need the starting and ending poses to also keep the constraint. So, instead of using
x(l) as-is, we force tx = ty = 0 to obtain

tlrcm = tzk̂ =⇒ tlrcm = (1 +
1

2
εtzk̂).

We then define x
′
(l) = xrcmrlrcmtlrcm, which it is x(l) shifted in space so that its z-axis coincides

with the RCM point, as shown in Figure 4.6.

In the case of xd(l), we can use (4.1) to see that

rdrcm = rx(l)ry(l)rz(l) and tdrcm = translation(tz(l)).

Now that the descriptions the rotations and constrained translation of x
′
(l) and xd(l) were

found in relation to the RCM, we then find the intermediary points between them.

To better understand the interpolation between x
′
(l) and xd(l), we will show the calculation

of the rotational and translational parts separately. To find the incremental rotation, we begin
by decomposing the relative rotation between initial and final rotations into N + 1 equal partial
rotations rinc. By accumulating those N + 1 rotations we go from the current rotation rlrcm to
rdrcm, that is

rlrcm(rinc)
N+1 = rdrcm =⇒ (rinc)

N+1 = (rlrcm)
∗rdrcm,

then we can use the log operator to obtain rinc

(N + 1) log(rinc) = log((rlrcm)
∗rdrcm)

=⇒ log(rinc) =
1

N + 1
log((rlrcm)

∗rdrcm)

∴ rinc = exp(
1

N + 1
log((rlrcm)

∗rdrcm)). (4.6)

And the incremental translation in the z-axis is simply given by

tinc =

(
1

N + 1

)
(tdrcm − tlrcm). (4.7)

46



x
′
(l) = xrcmc(0)

xrcmc(4) = xd(k)

RCM

xrcmc(1)

xrcmc(2)

xrcmc(3)

Figure 4.7: Example interpolated path when N = 3.

Therefore, at each interpolation step m ∈ N in the interval [1, N + 1], we compose both (4.6)
and (4.7) to obtain

c(i) = rlrcmr
{m}
inc (1 +

1

2
ε(tlrcm + t

{m}
inc )), (4.8)

so that the interpolated path is given by

x
′
(l) = xrcmc(0)→ xrcmc(1)→ xrcmc(2)→ · · · → xrcmc(N + 1) = xd(l).

as shown in Figure 4.7. With this, the intermediary points have been found.

Instead of feeding the kinematic controller (4.3) directly with xd(k), we first find the interpo-
lated path whenever e(k) > ea, in which ea ∈ R+ is an error upper bound. Then, we send xrcmc(1)

to (4.3) and wait for convergence, then xrcmc(2) is sent and so on until xrcmc(N + 1) = xd(l). In
order to visualize the effects of N , the reader is advised to read the example shown in section 4.3
on the following page.

With this, the novel camera controller for laparoscopy applications for the general serial link
robot is formally explained. The input signals are simple camera motion commands, while the RCM
and tool-tip positioning have the same priority. As much as possible, the controller reconfigures
the robot in its nullspace to avoid singular configurations.

In the following sections, the proposed controller is evaluated in three simulated experiments.
The basic functionally of the system is evaluated in section 4.3 by moving the endoscope to a fixed
position with increasing values for N . In the second evaluation, shown in section 4.4, two distinct
manipulator geometries are assessed in moving the endoscope in a conical helix path. The final
evaluation is shown in section 4.5, in which we assess the interaction of untrained users with the
system in a simulated endoscope control task.
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4.3 System evaluation: basic example

In order to fully comprehend the devised laparoscopy controller and see the effects of the dual
quaternion interpolation, let us use it in an example. Consider we have a Schunk LWA3 robot with
DH parameters as described in Table 4.1.

θ [rad] d [m] a [m] α [rad]
1 0.0 0.3 0.0 −π

2

2 0.0 0.0 0.0 +π
2

3 0.0 0.328 0.0 −π
2

4 0.0 0.0 0.0 +π
2

5 0.0 0.2765 0.0 −π
2

6 0.0 0.0 0.0 +π
2

7 0.0 0.1793 0.0 0.0

Table 4.1: Standard DH parameters [1, p. 61-65] of the Schunk LWA3 manipulator.

We then attach an endoscope at the end of the robot so that its shaft coincides with the robot
z-axis. Suppose that the endoscope has a mark 20 cm from the gripping point. That mark should
initially coincide with the trocar point. Also, we add a rotation around the z-axis to correctly align
the end effector y-axis with the camera up direction. For those purposes, a last transformation is
added on the robot to put xrcm in the correct place in the kinematic chain as shown in Table 4.2.
This transformation is summarized in Figure 4.8 on the next page.

θ [rad] d [m] a [m] α [rad]
8 +π

2 0.2 0.0 0.0

Table 4.2: Last frame transformation, which acts as a fixed joint.

In this example, the robot initial posture when inserted in the patient is given by ~θ(0) =[
0 0.75 0 0.75 0 1.5 0

]T
. The task will be to move the endoscope from the initial pose

x(0) = xrcm to a desired pose given by

xd = xrcmrxrytz,

in which

rx = cos

(
0.0872

2

)
+ ı̂ sin

(
0.0872

2

)
,

ry = cos

(
0.61

2

)
+ ̂ sin

(
0.61

2

)
, and

tz = 1 +
1

2
εk̂0.05.

This motion is a rotation of 5o around the x-axis, a rotation 35o around the y-axis and a translation
of 5 cm along the z-axis. For the purposes of this example, the desired motion is “far” enough from
the initial pose. It can be reached in a singularity free path with the kinematic controller

~θ(k + 1) = ~θ(k) + KN† vec(1− x∗(k)xd), (4.9)
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Figure 4.8: Visualization of the last transformation added in the kinematic chain.

with K = 0.3. This controller has no singularity avoidance as it was not necessary. Note that
e(k) =‖ vec(1− x∗(k)xd(k)) ‖ is the dual quaternion error.

The effects of interpolating with N ∈ {0, 5, 10, 20, 50, 100} points can be seen on Figure 4.9 on
the following page and on Figure 4.10 on page 51. A step in the interpolation is reached whenever
e(k) < 0.001.

4.3.1 Results & discussion

With the chosen value for K in (4.9), we can clearly see the exponential convergence of e(k). As
N increases, the maximum value for e(k) lowers from 0.35 when N = 0 to 4.2×10−3 when N = 100.
Given that the intermediary poses also keep the RCM constraint, we can see the maximum RCM
error falling from 7.8 mm when N = 0 to 1.23× 10−3 mm when N = 100.

The side-effect of increasing N in the interpolation is seen on the required iteration axis, that
raises from 18 with N = 0 to 510 with N = 100. This basically means that it will take more time
for (4.9) to reach the desired pose.

In a real scenario with a manipulator that has physical motors and encoders, it may be unnec-
essary to seek RCM errors under 1.23×10−3 mm. Naturally, we do not require such precision from
a surgeon. As far as the safety of the patient is concerned, even by selecting N = 5 which mildly
increases the necessary iterations we already obtain RCM errors under 0.2 mm. It is of course a
safe supposition that the skin can handle such errors. Even so, interpolation cannot be abandoned
altogether as with N = 0 the RCM error is already close to 1 cm and may be worse for a further
xd.
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Figure 4.9: Dual quaternion (left) and RCM errors (right) when N ∈ {0, 5, 10}. The blue crosses
show the instant when a new step is sent to the controller.
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Figure 4.10: Dual quaternion (left) and RCM errors (right) when N ∈ {20, 50, 100}. The blue
crosses show the instant when a new step is sent to the controller.
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4.4 System evaluation: manipulator geometry flexibility

To validate the control strategy and verify its flexibility, we performed computational simula-
tions with two different commercial robots: a Schunk manipulator and a Meka anthropomorphic
arm. The Schunk LWA3 is as described in the last section. The Meka A2 arm, on its turn, is a
7DOF compliant manipulator which is part of the Mekabot Humanoid robot. It is manufactured
by Meka Robotics LLC and is a human safe product, intended to be used in cooperative robotics.

In the simulations, a laparoscopic tool was considered to be attached to the end effector of the
robots. A predefined conical helix path is given as reference to the tool tip position and the same
control scheme described in this chapter is used to control both manipulators, changing only the
robot DH parameters accordingly. To emulate the effects of the interpolation, the references in the
conical helix path were generated to be close to each other.

RCM RCM

Figure 4.11: Simulations with a conical helix trajectory tracking.

Figure 4.11 shows the tool tip trajectory for both robots. Even though the two robotic platforms
have very distinct design and kinematic models, they both behaved as expected and our proposed
controller was able to track the desired path while keeping the RCM pivot constraint as shown in
Figure 4.12.

The first plot shows the tool tip position error when following the desired trajectory, while the
second plot shows the deviation of the tool from the initial RCM point. The obtained error values
are negligible during the whole procedure, especially those for the RCM point, which are smaller
than 0.05 mm.
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Figure 4.12: Errors for both Schunk (solid) and Meka (dashed).

4.5 System evaluation: user interaction

As the first form of evaluation, we devised a simulated endoscope controlling task using the
OpenRAVE environment. The OpenRAVE was used to represent the robot in 3D space and
simulate the endoscopic camera images. This simulation evaluated both subjective and objective
parameters of our system. The subjective parameters were related to intuitiveness and ease of use;
while the objective parameters were completion time, RCM error and end effector tracking error.
Also, in current medical practice, simulations are helping surgeons to be trained in less time as
their training is not limited to patients or cadavers [3].

Given the natural unavailability of medically trained personnel for such trials, we performed
experiments with 20 subjects with no prior medical training. We assume that medically untrained
individuals will have an overall worse performance, as they have no prior knowledge in performing
any form of surgery. In our simulation, we chose a 0o endoscope because it is simpler to comprehend.

The selected robot was a simulated schunk LWA3. By the time this experiment was done, the
real robot was available for physical experiments on our laboratory, but those plans changed when
our compliant robot arrived. Although the schunk LWA3 is not human-safe, it has seven degrees
of freedom and is small enough to be used in an operating room; therefore it has the necessary
characteristics to evaluate our laparoscopy camera controlling framework. Using this robot, the
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Figure 4.13: The initial camera view. The user should move the camera to obtain closer view of
the small colored spheres, while avoiding the largest one.

constants of the kinematic controller (4.3) were selected as K = 60.0, Kc = 7, and ~sd = 1; to allow
both stability and good responsiveness. The modified DH parameters that take the endoscope into
account are the same used in the example in section 4.3 on page 48. The objective singularity-
evasion function ~s(θ) was selected as in [31]. Note that those values for the gain matrices are
greatly dependent on this ideal implementation. Their values should always be carefully tuned for
physical implementations.

In order to generate the user inputs for (4.1), the subjects used the translational degrees of
freedom of an Omega 7 haptic interface to move the camera. The deviations around the initial
haptic interface translation were transformed into the uα(k) (up-down), uβ(k) (left-right), and
uz(k) (in-out) commands. As the device has force feedback only on the translational degrees of
freedom, this choice allowed us to add a viscosity parameter in the hand movement, both reducing
hand tremor and helping slowing the users’ movements.

The user controls the interface while seated and facing the monitor that shows the endoscopic
camera images as in Figure 4.15. The initial camera view for the task is shown in Figure 4.13,
with colored spheres of same radius positioned in the corners of a 5 × 5 cm square. The user
should move around the environment to find the position at which the camera would show the
same images in the order of Figure 4.14; in the shortest time possible, while avoiding collision with
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1 2

3 4

Figure 4.14: The user should obtain an image as similar as possible to the ones shown above (the
numbers are only here to show the correct order of targets). When the user succeeded, the current
target sphere turned gray and the user should proceed to the next target.

the big obstacle sphere positioned between objectives 2 and 3. During the task design, each of the
target images was coupled with the end effector translation that caused that image to appear on
the endoscope camera. Whenever the user positioned the end effector within a 1 mm tolerance
from that expected translation, the objective was considered reached and the user had to move to
the next target. Such small tolerance required a full comprehension and control from the user, for
a more reliable evaluation of the control system.

The experimental evaluation process was threefold. First, before each user started the experi-
ment, they were given a form (shown in appendix II.1) in which they were asked to quantify their
previous knowledge concerning laparoscopic procedures, surgical simulators and haptic interfaces
in a 1→ 4 scale. This initial conversation was only to find the users with less confidence in their
hand-eye coordination prior to the experiment. The less confident received two minutes to interact
with the experimental setup, while the others received only a short verbal explanation of the task.

Secondly, during the execution of the task data was stored regarding the distance to the ob-
stacle sphere, the RCM error, and the instant each target was reached for all 20 trials. As our
evaluation evolved, in the 19th and 20th trials the end effector tracking error was also measured.
All information was later analyzed for performance evaluation purposes.

Finally, at the end of the exercise we asked each subject to evaluate its ease (1 = very difficult,
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Figure 4.15: Subject 18 performing the experiment. His screen is split into current camera image
(left) and current objective (right). In a separate screen, the evaluator could observe the robot
(bottom left ) for any unexpected motions.

2 = difficult, 3 = easy, 4 = very easy ) and how well they considered their hand movements were
translated into camera movements (1 = very bad, 2 = bad, 3 = good, 4 = very good) so that we
could qualify the user interaction with the system.

4.5.1 Results & discussion

Even though all users had no prior knowledge in handling an endoscope, they were able to
successfully perform the task proposed within a reasonable amount of time, with average of 68.03
seconds and standard deviation of 30.58 seconds. Moreover, they completely avoided the obstacle.
Group-wise, the trainees completed the task within 84 seconds in average, while the others took 52

seconds. All durations correspond to the time they took between obtaining the first target image
and the last, to guarantee they fully understood the task during the timing period.

With respect to controller performance and considering all 20 subjects, the variables that
quantify its performance are shown in Table 4.3. The end effector positioning error was no bigger
than 4.82 mm with a RMS value of 0.3398± 0.0163 mm in the two trials considered. Figure 4.16
shows the tool-tip trajectory in one experiment, while the corresponding RCM and end effector
tracking errors are shown in Figure 4.16. Even tough the users were encouraged to move the
endoscope as fast as possible, both RCM and end effector tracking errors were negligible.

Regarding their interaction with the system, the users evaluated how well the system performed
their intended movements with an average of 3.68 points (between good and very good). The most
common complaint was the lack of depth perception caused by the flat image of the endoscope,
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mean ± standard deviation min max

RCM RMS error [mm] 0.00710± 0.00706 – 0.37

Minimal distance to obstacle [mm] 12.52± 5.03 – –

Task completion time [s] 68.03± 30.58 18.26 149.05

Table 4.3: Performance results for all 20 subjects that participated in the experiments for control-
ling the virtual endoscope.

which is a limitation of the simulation and not of the controller. As a result of the system ease of
use, the users gave an average of 3.11 points (between easy and very easy) in the task ease scale,
even with the small camera position tolerance and the lack of depth perception they themselves
observed.

The subjective evaluation scores of each user along with their experiment duration is available in
Table II.2 on page 71. Also, the data from all users concerning RCM error is shown in Figure II.2
on page 73 and in Figure II.3 on page 74. Finally, the trajectory of the endoscope tip for all
experiments is shown in Figure II.4 on page 75 and in Figure II.5 on page 76.

Given that 20 users with no prior medical experience were able to perform a complex task in
under 2.5 minutes and that both RCM and end effector tracking errors behaved nicely during all
trials considered, we believe that the overall results are promising and, therefore, motivate trials
using a real robot. The experimental setup for the physical experiments is shown in section II.1,
in the appendix. However, results of systematic experiments are not yet available.
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Figure 4.16: Trajectory of the tool-tip and error parameters during one of the trials.
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Chapter 5

Conclusion
“Gigantum humeris insidentes.”
–Standing on the shoulders of giants.

Motivated by the overall difficulty of manually performing laparoscopic surgeries, this work
studied how serial-link manipulators could aid surgeons in controlling an endoscope under laparo-
scopic contraints. Robots in this setting must be controlled to generate a remote center of motion
to protect the surgical entry point from dangerous strain. With regard to manipulator control,
classic techniques concerning singularity robustness and redundancy exploitation were adapted to
the dual quaternion framework in chapter 3. Those contributions aim to further enhance usability
of the dual quaternion manipulator control formulation by proving solutions analogous to clas-
sic techniques. In the end chapter 2, the performance of four controllers in a tool pose control
task were presented. With this, the required mathematical background to fully comprehend the
application of such techniques in an endoscope control task was presented.

After briefly presenting the robot-aided laparoscopy problem, chapter 4 begun with the state of
the art in robotic laparoscopy in which several works were reviewed. As presented therein, existing
techniques that use serial-link manipulators in laparoscopic settings have considerable drawbacks.
Motivated by those, a novel laparoscopy controller for any serial-link manipulator was shown in
section 4.2, which uses constrained dual quaternion interpolation in order to provide an acceptable
trade-off between tool positioning error and RCM error. After the effects of different interpolation
numbers and their qualitative effects were shown in a simple simulated task in section 4.3, the
flexibility of the proposed controller was evaluated using two different manipulator geometries in
section 4.4. Finally, qualitative and quantitative behaviors of the system under user generated
inputs were assessed in a simulated endoscope control task in section 4.5.

Concerning the objectives of this work, the major result is the endoscope controlling framework.
Although the system was only evaluated using simulated robots, the devised control method was
tested with inputs generated by users using a real haptic interface. In this last experiment, it
was shown that the controlling scheme provided both safe RCM generation and considerably low
tool-tip tracking errors, even with the inherent variability expected of user interaction.
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5.1 Future work

There are still some issues that require attention before the developed technique can be safely
applied in medical settings. For instance, even though the overall results concerning the laparo-
scopic controller are encouraging, a mathematical relation between the amount of intermediary
points in the interpolation and the maximum RCM error must be found. This would allow a
systematic selection of the interpolation size. As of this writing, there are only partial results
available.

In an simultaneous ongoing work, the adaptation of the proposed laparoscopic controller to
tool control is on its testing stage as shown in section II.1. A simulated user interaction task has
not yet been made due to the limitations related to 3D depth visualization in the selected robotic
simulator environment.

In order to not be limited to simulations, the proposed laparoscopic controller has been adapted
to a physical serial-link manipulator robot and is currently under testing. If such transition shows
results equivalent to the simulated experiments, user interaction will be evaluated in a physical
setup in tasks in which the user controls both camera and tools. After the basic challenges related
to physical implementations and user interaction are solved, the system will then be tested by
medically trained personnel with varying levels of expertise in laparoscopic surgery, as to more
thoroughly evaluate the intuitivity and overall usability of the system to the target group.

In a long time-frame and after several evaluations are made, it is expected that this framework
could aid in real medical setting. At first, we can aim an integrated operation room with several
robots controlling both tools and cameras in laparoscopic scenarious. Moreover, by combining
frameworks that can safely aid surgeons in other types of surgeries and procedures, it seems
reasonable to conjecture that patients will be provided with safer and less invasive surgeries, while
allowing surgeons to work under reduced mental and physical strain.
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I. NOTATIONS

“Such is the advantage of a well-constructed lan-
guage that its simplified notation often becomes
the source of profound theories.”
–Pierre-Simon Laplace

I.1 Quaternions & Dual Quaternions

The dual quaternions are the basic building blocks of the kinematic control theory imple-
mented in this work. Therefore, the notation used to describe quaternions and dual quaternions
as established by Adorno [16, p. 21-25] is used in this work.

We begin by defining ı̂, ̂ and k̂ as the three imaginary components of a quaternion such that

ı̂2 = ̂2 = k̂2 = −1 and

ı̂̂k̂ = −1

The general quaternion h ∈ H was introduced by Hamilton and is given by

h = h1 + h2ı̂+ h3̂+ h4k̂, hi ∈ R, i = 1, . . . , 4,

in which the scalar part of h is given by Re(h) , h1.

We can then define its conjugate as

Definition I.1. Quaternion conjugate. The conjugate of a quaternion h is given by

h∗ , h1 − h2ı̂− h3̂− h4k̂.

The addition/subtraction and multiplication operations of quaternions are now defined in the
two next definitions.

Definition I.2. Quaternion sum/subtraction. The quaternion sum/subtraction of two quaternions
h = h1 + h2ı̂+ h3̂+ h4k̂ and h

′
= h

′
1 + h

′
2ı̂+ h

′
3̂+ h

′
4k̂ is

h± h
′
= h1 ± h

′
1 + ı̂(h2 ± h

′
2) + ̂(h3 ± h

′
3) + k̂(h4 ± h

′
4).

Definition I.3. Quaternion multiplication. The quaternion multiplication of h = h1+h2ı̂+h3̂+

h4k̂ and h
′
= h

′
1 + h

′
2ı̂+ h

′
3̂+ h

′
4k̂ is

hh
′
=(h1 + h2ı̂+ h3̂+ h4k̂)(h

′
1 + h

′
2ı̂+ h

′
3̂+ h

′
4k̂)

=(h1h
′
1 − h2h

′
2 − h3h

′
3 − h4h

′
4)+

ı̂(h1h
′
2 + h2h

′
1 + h3h

′
4 − h4h

′
3)+

̂(h1h
′
3 − h2h

′
4 + h3h

′
1 + h4h

′
2)+

k̂(h1h
′
4 + h2h

′
3 − h3h

′
2 + h4h

′
1).
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Whenever a quaternion is used in any operation with a vector or matrix, its vector form must
be obtained with the following operator.

Definition I.4. Quaternion vector form. Given a quaternion h = h1 + h2ı̂+ h3̂+ h4k̂, it can be
mapped into a vector using the vec operator vec : H→ R4; that is,

vech ,
[
h1 h2 h3 h4

]T
.

This operation can also be performed using Hamilton operators.

Definition I.5. Hamilton operators. Let h = h1 + h2ı̂+ h3̂+ h4k̂ and h
′
= h

′
1 + h

′
2ı̂+ h

′
3̂+ h

′
4k̂,

then

+
H(h) =


h1 −h2 −h3 −h4
h2 h1 −h4 h3

h3 h4 h1 −h2
h4 −h3 h2 h3

 ,
−
H(h

′
) =


h

′
1 −h′

2 −h′
3 −h′

4

h
′
2 h

′
1 h

′
4 −h′

3

h
′
3 −h′

4 h
′
1 h

′
2

h
′
4 h

′
3 −h′

2 h
′
1

 ,
so that

vec(hh
′
) =

+
H(h)vec(h

′
) =

−
H(h

′
)vec(h).

With the conjugate operator and the quaternion multiplication, we can now introduce the
quaternion norm.

Definition I.6. Quaternion norm. The norm of a quaternion h is

‖ h ‖=
√

hh∗ =
√

h∗h.

Definition I.7. The dual number algebra is based on the element ε introduced by Clifford. It has
the following property

ε = 0

but ε2 6= 0.

The dual quaternion h ∈ H is a dual number whose elements are quaternions, that is

h = h1 + εh2.

In which the real part of h is

Re(h) , Re(P(h)) + εRe(D(h)).

The primary and dual parts of the dual quaternion h are quaternions. They can be extracted
using the operators P(h) and D(h), respectively. Hence,

P(h) , h1

and D(h) , h2.

The dual quaternion sum/subtraction and multiplication are defined bellow.
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Definition I.8. Dual quaternion sum/subtraction. Let h, h
′ ∈H; the dual quaternion sum/subtraction

between them is
h± h

′
= P(h)± P(h′

) + ε(D(h)±D(h′
)).

Dual quaternion multiplication. Let h, h
′ ∈ H; the dual quaternion multiplication between

them is
hh

′
= P(h)P(h′

) + ε(P(h)D(h′
) +D(h)P(h′

)).

This operation can also be performed using Hamilton operators.

Definition I.9. Hamilton operators. Let h, h
′∈ H, then

+
H(h) =

+
H(P(h)) 0
+
H(D(h))

+
H(P(h))

 , −
H(h

′
) =

−H(P(h′
)) 0

−
H(D(h′

))
−
H(P(h′

))

 ,
so that

vec(hh
′
) =

+
H(h)vec(h

′
) =

−
H(h

′
)vec(h).

Definition I.10. Dual quaternion conjugate. The conjugate of the dual quaternion h is

h∗ , P(h)∗ + εD(h)∗.

Definition I.11. Dual quaternion vector form. Given a dual quaternion h, it can be mapped into
a vector using the vec operator vec : H → R8; that is,

vech =

[
vec(P(h))
vec(D(h))

]
.

This operation has the following property

vech∗ = C8vech, with C8 = diag(1,−1,−1,−1, 1,−1,−1,−1).

Definition I.12. Dual quaternion norm. The norm of the dual quaternion h is

‖ h ‖=
√

hh∗ =
√

h∗h.

Dual quaternions with unit norm are called unit dual quaternions. They will receive the most
focus on this work as they are used in the representation of rigid motions.

Definition I.13. Unit dual quaternion logarithm. Let h = r + ε12tr be a unit dual quaternion
with r = cos(φ2 ) + sin(φ2 )n, n = nxı̂+ ny ̂+ k̂nz and t = pxı̂+ py ̂+ pzk̂. The logarithm of h is

logh ,
φn

2
+

t

2
.

An important property of the unit dual quaternion logarithm is logh ∈ H and Re(h) = 0.
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Definition I.14. Unit dual quaternion exponential. Let g ∈ H with Re(g) = 0. The exponential
of g is

expg , P(expg) + εD(g)P(expg)

P(expg) ,

{
cos ‖ P(g) ‖ + sin‖P(g)‖

‖P(g)‖ P(g) if ‖ P(g) ‖6= 0,

1 otherwise.

Definition I.15. With the definitions I.13 and I.14, the dual quaternion h raised to the r-th power
is

h{r} , exp(r logh).
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II. SIMULATION DATA

II.1 Data obtained from user interaction

The form described in section 4.5 is shown in Figure II.1 on page 72. The scale for each field is
shown on Table II.1. The Table II.2 on the following page shows the data of each of the 20 forms
filled, along how long the user took to finish the task as a performance measure. For illustrative
reasons, the RCM error for all experiments are shown in Figure II.2 on page 73 and in Figure II.3
on page 74. Finally, the trajectory of the endoscope tip in all experiments is shown in Figure II.4
on page 75 and in Figure II.5 on page 76.

Laparoscopy
1 no knowledge
2 knows what it means
3 knows someone who has been through one
4 have performed it in someone else

(Surgical) simulators
1 no knowledge
2 knows what it means
3 have used it once
4 have used it many times

(haptic) interface
1 no knowledge
2 knows what it means
3 have used it once
4 have used it many times

(Task) ease
1 very difficult
2 difficult
3 easy
4 very easy

(Control) intuitivity
1 very bad
2 bad
3 good
4 very good

Table II.1: Scale for each field that should be filled in the forms handled during the simulated
trials.

70



Before experiment After experiment
Group Subject Duration [s] Laparoscopy Simulators Interface Ease Intuitivity

A 13 77.8118 1 1 1 4 4
A 14 66.2711 1 1 1 3 4
A 6 44.799 3 3 4 3 4
A 8 64.2854 2 3 3 3 4
A 17 18.2691 3 3 1 4 3
A 18 31.7364 1 1 1 3 3
A 19 30.8229 3 2 4 4 4
A 20 83.9377 2 3 2 2 4
A 1 56.5414 3 2 3 3 3
A 2 48.5659 1 1 3 3 3
B 15 47.7155 2 3 3 3 4
B 16 75.3558 1 1 1 2 4
B 3 114.5695 2 1 1 3 3
B 4 102.8864 1 1 1 3 4
B 5 59.4011 1 1 2 3 4
B 7 92.4051 1 1 1 3 4
B 9 59.2723 3 2 1 4 3
B 10 65.0624 3 3 1 3 4
B 11 71.9864 1 1 1 3 4
B 12 149.0546 1 1 1 2 2

Table II.2: Simulation data acquired from the form with the corresponding duration. The users
are sorted in the groups A = untrained, B = trained.
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Experimento Piloto – Projeto CLARA 
Formulário de Avaliação 
 
Subject No: ______   Grupo: (  ) A   (  ) B 

Data: ___/___/_______  Horário: ____:____ 

 

Nome: ____________________________________________________   Idade: ________ 

Email: ____________________________________________________ 

Sexo:  (  ) Masculino  (  ) Feminino 

 

Antes do experimento 
 
Avalie seu grau de familiaridade com: 

   Nenhum Pouco Razoável Muito 

Procedimento de laparoscopia     

Simulador cirúrgico     

Interface háptica     

 

 Após o experimento 
 
Avalie o experimento quanto a: 

   Muito difícil Difícil Fácil Muito fácil 

Realização da tarefa     

 

   Muito ruim Ruim Boa Muito boa 

Correspondência entre os movimentos da 
interface e os da imagem no simulador 

    

 

Observações: 
__________________________________________________________________________

__________________________________________________________________________

__________________________________________________________________________

__________________________________________________________________________ 

Sugestões: 
__________________________________________________________________________

__________________________________________________________________________

__________________________________________________________________________

__________________________________________________________________________ 

Figure II.1: The form (in Portuguese) handed for each user.

72



50 100 150 200
0

0.05

0.1

RCM error for subject n1

Time [s]

R
C

M
 e

rr
or

 [m
m

]

50 100 150 200
0

0.05

0.1

RCM error for subject n2

Time [s]

R
C

M
 e

rr
or

 [m
m

]

50 100150200250
0

0.01

0.02

0.03

0.04

RCM error for subject n3

Time [s]

R
C

M
 e

rr
or

 [m
m

]

50 100 150 200
0

0.02

0.04

0.06

0.08

RCM error for subject n4

Time [s]

R
C

M
 e

rr
or

 [m
m

]

20 40 60 80 100120
0

0.02

0.04

0.06

RCM error for subject n5

Time [s]

R
C

M
 e

rr
or

 [m
m

]

50 100
0

0.05

0.1

0.15

RCM error for subject n6

Time [s]

R
C

M
 e

rr
or

 [m
m

]

100 200
0

0.02

0.04

0.06

RCM error for subject n7

Time [s]

R
C

M
 e

rr
or

 [m
m

]

50 100 150
0

0.05

0.1

RCM error for subject n8

Time [s]

R
C

M
 e

rr
or

 [m
m

]

20 40 60 80100120140
0

0.02

0.04

0.06

RCM error for subject n9

Time [s]

R
C

M
 e

rr
or

 [m
m

]

20 40 60 80100120140
0

0.02

0.04

0.06

0.08

RCM error for subject n10

Time [s]

R
C

M
 e

rr
or

 [m
m

]

20 40 60 80 100
0

0.005

0.01

0.015

RCM error for subject n11

Time [s]

R
C

M
 e

rr
or

 [m
m

]

200 400
0

0.05

0.1

0.15

0.2
RCM error for subject n12

Time [s]

R
C

M
 e

rr
or

 [m
m

]

Figure II.2: The RCM error norm under interaction of subjects 1 to 12. The red circle marks
the experiment starting point, while the red crosses indicate where each objective was correctly
reached.
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Figure II.3: The RCM error norm under interaction of subjects 13 to 20. The red circle marks
the experiment starting point, while the red crosses indicate where each objective was correctly
reached.
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Figure II.4: The trajectory of the endoscope under interaction of subjects 1 to 12. The red circle
marks the experiment starting point, while the red crosses indicate where each objective was
correctly reached.
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Figure II.5: The trajectory of the endoscope under interaction of subjects 13 to 20. The red
circle marks the experiment starting point, while the red crosses indicate where each objective was
correctly reached.
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II. PHYSICAL EXPERIMENTS

II.1 Experimental setup

Aiming a physical evaluation of the proposed laparoscopic controller, an experimental environ-
ment was developed. The full system overview can be seen on Figure II.1. By interacting with the
haptic interface, the user sends the desired motion commands to the computer. Those commands
are then sent to the computational implementation of the laparoscopy controller, which returns
a new set of joint positions that are sent to the robot. After a sampling period, the current ma-
nipulator joint positions are sent back to the computer, which simultaneously receives the pose of
the visual markers from the visual tracking device. Moreover, the computer periodically receives
endoscopic images which are presented in the monitor for the endoscope operator.

Concerning hardware, only the acrylic abdomen was created specifically for this project. Software-
wise, all communication between different devices were made using ROS. For this purpose, drivers
for the visual tracking device and haptic device were developed. In relation to the manipulator,
computational kinematic controller implementations were added to the DQ_robotics library which
was also ported to ROS. Concurently, all relevant data is store in MATLAB compatible files using
custom software.

ROS

Marker pose data

Marker images

Joint position commands

Posture feedback User inputs

Phantom

Serial-link manipulator

Visual tracking device

Haptics device

Endoscope motion Endoscopic images

Figure II.1: Physical experimental setup.
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