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 Abstract — This paper presents the concept of Navi-Robot, 
an integrated system of a navigator and a robotic arm for 
orthopaedic surgical procedures. Navi-Robot is a self-balancing 
6 degrees of freedom (DOF) arm capable to switch between the 
navigation mode and robotic mode. The first mode is used detect 
bones’ and articulations’ features and positions, while the 
second mode is effectively used for surgical operations. The 
transition from the passive to the active mode is achieved by 
adopting special electrically activated brakes, which are also 
used to ‘freeze’ each arm in the desired configuration, for 
convenient use. A first prototype has been assembled and a basic 
electronics and control system have been implemented to 
perform kinematic tests.  More specifically, from the kinematic 
and mechanical point of view, the whole system is actually 
consisting of three 6-DOF arms, two of which are mere 
navigation systems and the third is the actual Navi-Robot 
system, as defined above. The self-balancing feature of each arm 
is achieved by integrating the kinematic chain with a first four-
bar-linkage, which guaranties full weight compensation. In a 
typical surgical procedure, the end effectors of the two 
navigation arms are fixed to bones of the joint of interest (JOI) 
and used to give a reference to the Navi-Robot for intervention.  
Patent applications cover the entire system. 
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Aided Orthopaedic Surgery 
 

I.   Introduction 

 
 Computer-Assisted-Orthopaedic-Surgery (CAOS) [1-6] 
and Robotic-Assisted-Orthopaedic-Surgery (RAOS) [7-
10] have been proposed and effectively adopted, in the 
last decades, to accommodate for the need of more and 
more precise and reliable surgical procedures, especially 
in the case of prosthetic implants. CAOS devices, such as 
navigation systems or navigators, have another important 
advantage as to reduce surgical teams’ radiation 
absorption by using a Virtual Reality representation of the 
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surgical theatre. On the other hand, these systems, do not 
supply any effective or physical support to the 
intervention.  Thus, in any event,  the doctor has to 
perform every surgical operation, such as positioning the 
surgical tool, moving bones accordingly to facilitate 
operation, and operating. From a mechanical point of 
view, all these procedures involve moving a rigid body in 
space. 
 In order to provide a more effective assistance, more 
recently [11], navigators and cutting masks have been 
used in synergy to correctly guide surgical cuts during 
prosthesis implants.  However, also in this case, it is the 
doctor who is responsible to find the proper location for 
the mask, and since a unique mask is needed for each 
implant, the whole procedure’s flexibility is compromised. 
 To overcome some of those problems, surgical robots 
have been proposed which, on the basis of pre-operative 
planning [12-15], replace the doctor when performing 
some particular operation, e.g. surgical cuts,  embossing 
preparation, prosthesis installation. A better approach was 
followed by the Imperial College researchers, who 
proposed ACROBOT [16-19], which, by means of active 
constraints, guides the doctor opposing resistance when 
moving out of the correct region of operation, as planned 
before intervention. This method has the disadvantages of 
giving the doctor the whole responsibility for the precision 
of the operation. 
 Recently, Wahrburg et al.[20] combined a Navigator 
and a Robot as a surgical assistant able to correctly 
position a cutting mask for intervention.  
 In any case, the use of a conventional navigators does 
not account for the free-motion of  the JOI , which may 
involve a continuous update of the actual JOI location. 
 The needs of orthopaedic surgery and the limitations of 
the actual systems (some of which has been reported 
about) have led the authors to the idea which is to be 
conceptually described in this work. The concept of Navi-
Robot came up from the points mentioned above and from 
the authors’ opinion that an equipment should never 
entirely replace a doctor,  who solely has the expertise and 
sensitivity to recognize if a given operation, as 
preliminarily planned [21-22], is really to be performed 
that way. 
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II. Kinematic Configuration 

 The actual system is the development of the ‘Unical 
Goniometer’ [23-25], which was first used at the 
University of Calabria for different applications [24,26,27] 
and patents [28,29] cover some of them. More recently, the 
concept of Navi-Robot has been also introduced in [30] 
and [31].  

The 6-DOF robotic arm described in this work is a 
hybrid parallel/serial kinematic structure with rotational 
transducers to measure the relative angle between 
consecutive linkages. The actual system is shown in 
Figure 1.  

 

 
Figure 1. Picture of the 6-DOF hybrid robotic arm 

 
It consists of a four-bar-linkage at the beginning of the 

kinematic chain, which gives a single translational degree 
of freedom, while a 5-DOF elbow structure is attached to 
the rod of the four-bar-linkage.  

 

 
Figure 2.  Scheme of the 6-DOF robotic arm 

 
A schematic view of the 6-DOF arm’s structure, with 

embedded frames according to the Denavit-Hartenberg 

(D-H) convention [32], is shown in Figure 2 in its zero 
reference configuration and its kinematic model is readily 
to be defined below.  

The first step to kinematic modelling is to assign a 
proper coordinate frame to each link. For a 6-DOF robotic 
system, joints and moving linkages are numbered from 1 
to 6 starting from the base, which is referred to as link 0. 
A coordinate system {i-1}, 1 6i = ⋯  is attached to the 
corresponding link. Coordinate systems are orthogonal 
and the axes obey the right-hand rule. Reference frame 
{ B} is the base frame with respect to which measurements 
are taken, reference frame {0} is also fixed to the base and 
is used to accommodate for D-H convention, reference 
frame {A} is an auxiliary frame attached to the upper 
crank of the four-bar-linkage, reference frame {i}, 

1 5i = ⋯  is attached to each moving link of the open-chain 
structure, and reference frame {E} is the end effector 
frame with its origin on the endpoint location.  

The kinematic equation of the robot arm is obtained by 
consecutive homogeneous transformations [32] from the 
base frame to the last frame, as 
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where 0
BT  is the transformation matrix describing the 

pose of frame {0} with respect to frame {B}, 0
AT  is the 

transformation matrix describing the pose of frame { A} 
with respect to frame {0}, 

1
AT  is the transformation 

matrix describing the pose of frame {1} with respect to 
frame {A}, 1i

i
−T  1 5i = ⋯  are the transformation matrices 

from frame {i-1} to frame {i} and 5
ET  is the 

transformation matrix describing the pose of the end 
effector frame {E} with respect to frame {5}.  

Each transformation matrix is a function of the 
corresponding joint variable qi and of a set of kinematic 
parameters describing the link’s shape. With reference to 
Figure 2, transformation matrices are defined in the 
following form, according to [32] 

 

( , ) ( , ) ( , ) ( , )j
k k k k kRot z Trans z d Trans x a Rot xθ α= ⋅ ⋅ ⋅T

 

where j
kT  is a generic transformation from reference 

frame {j} to  { k}, Trans() and Rot() are the homogeneous 
translational and rotational matrix, respectively, and 

, , ,k k k kd aθ α  are the D-H parameters, which are listed 

in Table 1. 
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j
kT  kθ  kd  ka  kα  

0
BT  0° 670 mm 0 mm 90° 

0
AT  1q  0 mm 400 mm 0° 

1
AT  - 1q  0 mm 300 mm -90° 

1
2T  2q  0 mm 470 mm 0° 

2
3T  3q  0 mm 470 mm 0° 

3
4T  4q  100 mm 0 mm 90° 

4
5T  5q -90° 0 mm 250 mm -90° 

5
ET  6q  60 mm 0 mm 0° 

TABLE I. D-H parameters of the actual arm 

III. Kinematic Performance 

Using the kinematic parameters listed in Table 1, the 
workspace of each arm has been computed to be an 
approximate 400x400x400 mm3 box. 

Kinematic performance of the system in terms of the 
theoretical resolution is evaluated when 16bit encoders are 
used as revolute joint sensors. Resolution [33] is defined 
the smallest incremental movement of which the robot end 
effector is capable of sensing. Resolution is a theoretical 
characteristic and may be evaluated given the 
configuration and the nominal dimensions of the linkage. 
It is affected by the individual encoders’ resolution and 
depends on the instantaneous arm configuration. An 
approximate relation which gives an estimate of the arm’s 
resolution may be given as follows 
 

( )
1

N

i i
i

RS l qδ
=

≈ ⋅∑ q   (1) 

 
where iqδ  is the ith transducer resolution, 

[ ]1 2 3 4 5 6, , , , ,
T

q q q q q q=q  is the vector of joints’ 

angles and l i is the distance between the end effector 
endpoint and the revolute/prismatic axis of the ith joint. 
Since the endpoint displacement, resulting from the 
smallest incremental motion of the joints, varies 
significantly throughout the workspace, Eq. (1) is 
practically used for some particular system’s 
configuration where l i may be easily evaluated, e.g. in the 
zero reference configuration. In such a reference 
configuration, as shown in Fig. 2, Eq. (1) gives an 
estimate of the theoretical maximum resolution for the end 
effector endpoint. In that case, expressions for distances l i 
in Eq. (1) are given as 
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Hence, when adopting 16bit encoders’ with a 

resolution of about 0.0055degrees per step, Eq.  (1) gives 

max 0.343RS mm≈ . An average value for the theoretical 

resolution in the whole workspace is then evaluated, 
through simulations, giving a mean value of about 0.2 
mm. This is quite a good theoretical performance, since 
common navigators’ values are about 0.5 mm. 

IV. Self-Balancing System 

   The self-balancing characteristic of the arm is achieved 
by using a counter-balancing weight as depicted in Figure 
3, which shows a side view of the four-bar-linkage of the 
robotic structure. The open-chain part of the structure is 
not represented for clarity of representation. The black spot 
in Figure 3 represents the location of the centre of gravity 
of the structure, which varies according to the arm’s 
configuration and thus depends on the joints’ angles. By 
applying the virtual work principle for a virtual 
displacement δq1 gives 
 

1 2 0F l P lδ δ⋅ − ⋅ =  

 
which can be manipulated to give 
 

A

A

a
F P

b
= ⋅  

 
where P is the structure’s weight and F is the counter-
balancing weight, which does not depend on the actual 
location of the centre of gravity of the arm. 
 

 
Figure 3.  Scheme of the  self-balancing system 
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   Figure 4 shows a virtual representation of the whole 
three-arms system with connected a CAD model of the 
knee articulation, while Figure 5 shows a picture of the 
prototype with connected a workshop leg system (MITA 
Endo Leg, Medical Models Ltd, UK), which replicates the 
human knee anatomy and kinematics. 
 

 
Figure 4. Virtual representation of the whole system 

. 

 
Figure 5. Picture of the actual prototype 

 V. Arm’s Joints and Blocking-Brakes 

 Each joint of the passive arms is characterized by the 
presence of a blocking-brake, those enable the arm to be 
‘frozen’ in a desired configuration. This allows, for 
instance, to fix the position and orientation in space of the 
JOI, to practically perform a surgical operation. Each joint 
of the active arm, i.e. the actual Navi-Robot, consists of a 
pair of blocking-brakes, one of which has the same 
functionality as for the passive arm, while the other is used 
to switch between the active/passive mode, by connecting 

or disconnecting the each actuator to the corresponding 
link.  Therefore, for Navi-Robot, when both brakes of each 
joint are not active, the arm is passive and can be manually 
moved as a third navigator; when the first brake is 
activated, the arm configuration is ‘frozen’; when the 
second brake is activated, the arm is active and enters the 
Robot mode.  
 The blocking-brakes are actuated by electric motors 
through a worm screw-driven slider (a) and two cam-
leveraged elements (b), as indicated in Figure 6. They 
basically derive from a common drum brake, which has 
been modified and designed to exploit the self-
amplification braking effect. Patent also covers this 
component’s development [28].   

 
Fig. 6 – Actual blocking-brake configuration 

 
 Common brakes’ systems are designed in either duplex 
or simplex configuration [34]. In the first configuration, 
both brake-shoes are hinged in an asymmetric way so as to 
brake most effectively only in one rotational direction. In 
the second configuration, brake-shoes’ hinges are located 
symmetrically so as to brake in either rotational directions, 
but thus limiting the braking effectiveness compared to the 
duplex configuration. 
 The basic idea of the actual blocking-brake is to combine 
the advantages of either configurations by using two 
movable ‘pivots’ for each brake-shoe, so as to have a 
floating shoe. Those ‘pivots’ are, in fact, obtained as the 
contact points between the brake-shoe and a pair of disk 
cams, as depicted in the virtual prototype of Figure 6. 
Experimental tests and validation of such a component’s 
performance are being part of further and deeper 
investigation. 

VI. Discussion and Conclusions 

 This paper presents a preliminary design and a prototype 
of a novel surgical assistant, which combines, in a unique 
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structure, a navigator and a robotic system. This is given 
the name of ‘Navi-Robot’ and it is mainly conceived to be 
used for orthopaedic procedures, where some applications 
have been reported.  
 In a typical application, three arms are to be used. Two 
of them are used as navigators and must be fixed to either 
bones of the articular joint of interest. The third, namely 
the Navi-Robot, is used either as a navigator/measuring 
device or as an active surgical robot.  
 The structure of each arm is designed as a hybrid 
parallel/serial kinematic chain. The parallel part is, in fact, 
a four-bar-linkage and it is adopted for an easy weight 
balancing. The serial part is designed as an elbow 
structure to give the end effector the remaining last five 
degrees of freedom. A kinematic model of the arm is 
derived using a standard and well-defined modelling 
convention. Kinematic parameters are chosen with regard 
to the actual application and considering an appropriate 
working space.  
 The theoretical resolution of the robotic arm is estimated 
to be 0.196 mm, as an average value in the working 
volume, and joints’ sensors resolution is selected so that 
such a performance be better than that of commonly used 
navigators (i.e. about 0.5 mm). 
 Some preliminary and qualitative information about the 
component which enables for the transition between the 
Robot mode and the Navigator mode, i.e. the blocking 
brake, is given. 
 A virtual prototype of the system is realized to assist the 
design phase and a preliminary prototype of the whole 
three-arms system is assembled.  
 Each arm has been calibrated to compensate for 
components’ manufacturing errors and for assembling 
misalignments. The final accuracy of the structure, in the 
working space, has been measured to be 0.376 mm (as a 
mean value) and showed to be consistent but a bit worse 
than the theoretical expectation, which has been evaluated 
to be 0.203 mm, in the same workspace. This is probably 
due to elastic deformations and small clearances. 
 The actual works being in progress are focused on: (1) 
mechanical (kinematic and dynamic) optimization on the 
base of experimental test and data; (2) calibration issues, 
such as how temperature changes and variable loads affect 
the kinematic performance of the system; (3) development 
of a reliable electronic circuitry and control system; (4) 
safety issues and surgical specifications/requirements. 
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