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Summary 

Nowadays all eye-surgeries are performed by hand. Before a surgeon is authorised to perform 
these very complex operations, years of study and practice are necessary. The surgeon must have 
very accurate hand movements. During aging of the surgeon, hand tremor increases and most 
surgeons wilt not be able to perform the surgery around their mid-fifties . Besides this, the 
unergonomic operating position often results in early disability of the surgeon. These problems 
have led to the idea of designing a master-slave robot for eye surgery. A project is started called 
Eye Rhas, which stands for Eye Robot for haptic assisted surgery (haptic means pertaining to the 
sense of touch) . 

The surgeon will have two haptic interfaces in his hands, which are approximately 10 times larger 
than the instruments in the eye of the patient. With this master (pens) he controls the slave that 
manipulates instruments within the eye of the patient. It has the same 5 degrees of freedom 
(DOF) as the instrument: <p, \Jf , 0, z and button stroke. The surgeon now moves his hand virtually 
within the eye of the patient. A visualisation system gives the surgeon information about the slave 
movements. By measuring the forces on the instrument, force feedback can be given to the 
surgeon with the haptic pen, giving the surgeon a better feeling of his operation actions. 

In this thesis this haptic inte rface is designed and a prototype has been built. 

The haptic characteristic of the pen is created by an actuator per DOF, which can generate force 
feedback to the hand of the surgeon. The size of the realised forces is based on presumptions 
made before this project started. To obtain the best haptic feeling, there should be no noticeable 
di sturbance forces. An average human being is able to notice a force deviation of 7% of the total 
applied force. Friction analysis of the design indicates that the friction wilt be below this 
percentage and therefore wilt not be feit by the surgeon. 

The hi ghest preci sion of the hand movement of a surgeon is approximately 5 · 10-5 m. The haptic 
pen is able to measure this movement and better; the resolution of the pen in each DOF is at least 

3 · 10-5 m. The fini te stiffness of the pen causes a deviation between actual hand movement and 
measurement under statie and dynamic loading. A first stiffness analysis of all separate parts 
indicates that the total stiffness is sufficient for the stated preci sion . 

Testing of the prototype to confirm the friction and stiffness analysis has not been done yet. 
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1 lntroduction 

Sight is generally considered to be the most important sense we have. Prevention from los ing it is 
an important, but very difficult task. Interestingly, instruments of eye surgery dating back to the 
ancient Roman times have been discovered by archaeologists . Fortunately, there have been 
incredible improvements in eye surgery since that time. Smaller instruments, better medicines and 
new techniques lead to better results, however all surgeries are still performed by hand. 
Because of the complexity of eye surgery, years of study and practice are necessary before a 
surgeon is authorized to perform eye surgery. Around hi s mid-fifties, the surgeon will not be able 
to do this surgery anymore. Due to the increase of tremor in his hands, he is not capable of 
performing the very accurate tasks anymore. Besides thi s, the unergonomic operating position 
often results in early disability of the surgeon. 

The first generation of surgical master-slave robots are already being installed in an number of 
operating rooms around the world. However, eye surgery robots do not exist yet. 
The Jack of haptic feedback (haptic means pertaining to the sense of touch) in the robots limit 
their performance and a lot of research in this fi e ld is deployed nowadays [ 1 ], [2] . 

The problems in eye surgery have led to the idea of designing a master-slave robot for eye 
surgery. The surgeon will have two haptic interfaces in hi s hands. With this master he controls a 
slave that manipulates instruments within the eye of the patient. A visualisation system gives the 
surgeon information about the slave movements. By measuring the forces between the instrument 
and the slave, force feedback can be given to the surgeon with the haptic interfaces. 
Tremor can be eliminated, sealing of movements and haptic feedback can result in hi gher 
precision and an ergonomie pos ition can be realised. 

A cooperative project' between TNO2
, AMC3 and TU/e4 is started, called Eye Rhas (Eye-Robot

for-haptic-assisted-surgery). Ir. H.C.M. Meenink is designing the slave, while ir. R. Hendix is 
designing the master, both for their doctorale research. 
Thi s thesis describes a part of the master: the mechanica! design and construction of the haptic 
interface for an eye surgery robot. 

1 Supported by IOP Precision Technology, an innovation driven program of SenterNovem and the Ministry 
of Economie Affairs 

2 Toegepast Natuurwetenschappelijk Onderzoek ( Applied Scientific Research) 
3 Amsterdam Medisch Centrum (Amsterdam Medica( Centre) 
4 Techni sche Universiteit Eindhoven (Eindhoven University of Technology) 



2 Eye Rhas 

The Eye-robot-for-haptic-assisted-surgery is expected to have multiple advantages over the 
present surgery by hand. The robot will be specialized in vitreo-retinal surgery. This type of 
surgery will be explained and then the layout of the master-slave robot is shown and the 
advantages are discussed. 

2.1 Vitreo-retinal surgery 

Epiretinal membrane peeling is a procedure which includes most of the actions used at vitreo
retinal surgery. This procedure will be used to explain thi s type of eye surgery. In figure 2.1 the 
inside and outside of the eye is shown , where important parts are indicated. 

Vitreous humor 

Retina Tube-like instrument 

Figure 2.1: outside and inside of the eye 

The epiretinal membrane is located just over the retina and has a thickness of approximately 5 
µm . Occasionally, traction of this membrane causes deformation of the retina that is attached to 
it, resulting in loss of vision. Goal of the procedure is peeling the epiretinal membrane and 
removing this from the eye. 
To gain access to the eye, small incisions at the sclera are made, called trocar points. Usually a 
small tube, the trocar, is placed in each hole during surgery, which makes entering the eye again 
with an instrument eas ier. 
Before peeling can take place, first the vitreous humor has to be removed with a vitrector. The 
viscosity of the vitreous humor can be compared with the white of an egg and is lightly attached 
to the epiretinal membrane. The vitrector uses suction in combination with cutting and thereby 
deporting the humor in small portions. 
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Near the retina high precision movements are required. Touching the retina will consequently 
result in vision loss and abrupt vitrector movements along the retina may cause retina) 
detachment. 
In figure 2.2 an ophthalmologist is shown during eye surgery. He constantly uses a microscope 
over the eye that can switch between looking at the outside of the eye and looking through the 
patients lens to obtain an image of the inside of the eye. He uses a light pipe fora better image. 

Figure 2.2: An ophthalmologist during eye surgery 

An infusion is placed in the eye to control the inside pressure during the whole surgery. 
After vitrectomy the epiretinal peeling starts. Edges of the membrane are exposed by inserting a 
coloured liquid. Using a gripper and cutter, the membrane is peeled and removed from the eye. 
The fixed position of the patients head and the microscope above it lead to an unergonomic 
posture of the surgeon: almost no back support and body movement during the whole operation 
(approximately one hour). 
The surgeon must have very accurate hand movements. Around his mid-fifties the increased 
tremor of his hands often leads to early retirement. 
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2.2 Layout master-slave robot 

In fi gure 2.3 a layout of the entire master-slave robot is shown. 

Figure 2.3: Layout master-slave robot 

At the left side the surgeon holds a haptic pen in each hand. By moving the haptic pens, the 
surgeon controls the slave that is positioned around the patients head. The slave manipulates the 
instruments, which perfo rm the actual surgery in the eye of the patient. 

In this report pen always refers to the master part held by the surgeon, 
white instrument always refers to the slave part inside the eye of the patient. 

A display near the surgeon (not depicted) shows the operati on area, created by microscope or 
endoscope. The pens and di splay are attached to a coarse mechanism and can be adjusted to 
provide an ergonomie posture fo r the surgeon. In fi gure 2.4 a block diagram is shown, to clarify 
the con trol of the robot. 

Master Slave 

pos,oon measurement 1-----S_ca_lin~g ___ _ 

____ s_ca_hn_g _ _ _ ------i force moasurernent 

0 
Figure 2.4: Master-slave control 

The movements of the haptic pens are measured by encoders. The slave will use this position as 
set point and tries to reach it. 
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Sealing of movements can be added to obtain higher precision of the instrument movement. For 
example, when the surgeon is working near the retina, the sealing of the hand movement could be 
set to 1: 100. Then, 10 mm hand movement leads to an instrument movement of only 0 , 1 mm. 
Tremor of the hand could also be eliminated by the control loop. 
More than 75% of all forces occurring at vitreo-retinal surgery are below 7,5 mN. A well trained 
surgeon is not able to detect forces below 7,5 rnN [3] . However, these forces will be measured by 
the slave. The master will apply the magnified forces to the hand of the surgeon. He should obtain 
a better 'feeling ' of the instrument actions in the eye. 
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3 Requirements of the haptic pen 

The design of the haptic pen is the subject of this report. First the requirements for the pen will be 
stated, based on assumptions made before this graduation project started. 

3.1 Degrees of freedom 

Each instrument in the eye of the patient has four degrees of freedom (DOF), as shown in figure 
3.1 A. In the trocar point, the instrument has a <p and 'l' rotation. The instrument can rotate about 
its longitudinal axis, the 0 rotation, and translates along this axis, the z translation. When the 
instrument is for example a gripper, the gripping movement will be considered the fifth DOF. 

25mm ::::250 mm 

Figure 3.lA: instrument in real eye Figure 3.18:haptic pen in virtual eye 

When operating from outside, the surgeon needs to make translational steps between where he 
wants his instrument tip to go and where his hand should move to. 
By virtually placing the hands of the surgeon within the eye of the patient a more natura) way of 
controlling the instruments is presented. The haptic pen must have exactly the same DOF as the 
instrument to create a virtual trocar point (figure 3. IB). The length / of the pen, from its virtual 
trocar point to the place the surgeon holds it, is determined empirically to be approximately 150 
mm. This length gave the most comfortable feeling while rotating in <pand '1'· With this length, a 
virtual eye is created, which is approximately 10 times larger than the real eye. 
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3.2 Ranges 

In <pand \Jf direction, the range of the pen is the same as its instrument. There will be a one to one 
sealing. Both cp and \Jf have a range of± 45°, limited by the lens and eye wall (figure 3.1B). The 0 
range of the instrument is 360". The surgeon rolls the instrument between his fingers to obtain 
this range. With force feedback applied to the haptic pen, it should be held tight. Therefore, the 
haptic pen will be rotated in 0 by rotating the wrist joint. Without re-grabbing it, the maximum 
stroke is± 90°. To control the instrument in its whole range one could think of a jogging mode: 

0 ~0 . 
pnl f't' ll . 111111 

0 =0 insrmmenl pen 

il;,,st111111e11t = +C 

il;,,.\·Jr11111ell/ = -C 

(3. 1) 

Where Cis an adjustable constant. The total z stroke of the instrument in the eye is ±12,5 mm. 
Sealing proportional to the pen length leads to a z stroke of the pen of ±75 mm. As mentioned 
above, a pen length of 150 mm feels nice. Therefore the z stroke should be smaller and is 
determined empirically to be ±7,5 mm. Again ajogging mode will be introduced. The total stroke 
of the button is determined to be 5 mm. 

3.3 Force feedback 

Because the pen should have a haptic character, a ll these DOF should be able to produce a force 
on the hand of the surgeon . Empirically, forces and torques are determined for all the DOF, based 
on what feels comfortable (table 3.1 ). The haptic pen should be able to deliver the continuous 
forces (Fco111 ) and torques (Tcr,,,1) during the whole operation, simulating genera( actions in the eye. 
The peak forces (F"eak) and torques (Tpeak) si mulate hard contact or possibly a virtual range 
limitation, both less frequently occurring situations. For these forces and torques, a duty cycle of 
10% of the time is required. 
The lowest force and torque change an average human can notice is approximately 7% of the 
applied force [4]. Therefore, the maximum friction force (Ff. 111aJ and torque (Tr 11u,..) should be 
be low thi s percentage. In tab Ie 3.1 a summery of the five degrees of freedom with their range and 
force requirements is given. 

Table 3.1: range and force requirements 

DOF Ran2e F cont / T cont F neak / T nPak Frmax !Trmax 

(j) ±45 ° 2,5 N* 10 N* 0,2 N* 

\Il ±45 ° 2,5 N* ION* 0,2 N* 
0 ±90° 30-10-3 Nm 50· I0-3 Nm 2-I0-3 Nm 

z ±7,5 mm 2,5 N 5N 0,2 N 
button 5mm 2N 5N 0,2 N 
* Forces sideways on the position where the surgeon holds the pen (/ :::: 150 mm) 
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3.4 Resolution 

The resolution of the pen is the smallest measurable movement of the pen at the position of the 
surgeon's hand. The value for the resolution is based on the precision with which a surgeon can 

position his hand. The highest resolution of the eye surgeons hand is 5 · I0-5 m [3]. Therefore, the 

pen should have a resolution R ~ 5 • 1 o-s m . 

3.5 Stiffness 

The fini te stiffness c of the pen causes an indeterminate position of the tip of the pen in two ways: 

Friction causes an indeterminate position, cal led virtual backlash S" given by [5]: 

(3.2) 

With: 
W~F f. max 

S ~R 
I' 

Which means: c :2'.8· 103 N / m 

And the applied force feedback F causes deflection J of the pen without encoders noticing given 
by: 

!=!_ (3.3) 
C 

With: 

Which means: c :2'. 2-105 N / m 

Therefore, the pen should have a stiffness of at least 2, 1·105 N / m in all directions, feit at the 

position the surgeon holds the pen. 
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4 Haptic pen design 

4.1 Pen composition 

In figure 4.1 a photo is shown of the (partly assembled) right haptic pen. The left pen is an 
identical but mirrored version. The pen is mounted to a test frame, which is designed for testing 
and dernonstrating purposes only. 

Figure 4.1: The constructed right haptic pen 
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This design is divided in four sub designs (figure 4.2): the (jHj/ part (red/blue), the 0-z part 
(green), the button part (yellow) and the weight compensation (brown). 
A motor inside the cp-part drives the cp-shaft which is attached to the \j/-part which also has a 
motor inside. The shaft from the \j/-part is attached to the z-0 part. This part contains a bush which 
enables a 0-rotation and z-translation. At the downside of the bush there is a button part, which 
will be held by the surgeon. Thi s part contains a button. The centerlines of the cp- and \j/-shaft and 
the bush intersect in point TP. Thus, a virtual trocar point is created, according to the real trocar 
point of the instrument in the eye of the patient (figure 3.1 ). The button part can be moved in the 
required four degrees of freedom: cp, '1', 0 and z. 
The pen is suspended to the fixed world with an angle of 45° to the gravitation vector g. Thi s to 
ensure the cp and \j/ mid-position is consistent with the mid-position of the instrument in the eye. 
A weight compensation is added to the pen, to make it statically balanced. The four sub designs 
will be di scussed separately in the next paragraphs. 
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Top view 

Side view 

' · 

TP 

Weight compensation 

0-z part 

Front view 

Figure 4.2: Division of the haptic pen in side, top and front view 
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4.2 q> and 'Il part 

The main difference between the cp- and \j!-part is the position where the housings are attached: 
the cp-housing is attached at the back side to the fixed world, while the \j/-housing is attached to 
the cp-shaft at its front side. Because of the resemblance of the cp- and \j/-part, the cp-part wi Il be 
used to explain them both. When not explicitly indicated otherwise, the values stated for the cp
part are appl icable for the \j/-part as wel 1. 

In figure 4.3 a cross section of the cp-part is shown. The main parts are Iabeled and will be 
discussed. 

<p 
-------N . 

6 l-----frl+-11--

4.2.1 Direct drive 

q>-part 
1 
2 
3 
4 
5 
6 
7 

Stator 8 
Rotor 9 
Shaft 10 
Front bearing 11 
Back bearing 12 
Encoder 13 
Housing 

Figure 4.3: Cross-section <p part 

Wave spring 
Flexible element 
Fixed world 
Cable 
Cable cover 
Cable guide 

'V-part 

8-Z part 

---EB 

A motor, consisting of a stator ( 1) and rotor (2), forms the core of the cp part. The motor drives the 
cp-shaft (3) by direct drive. It must be able to deliver the required force feedback (table 3.1) in cp 
direction to the surgeon 's hand. This force F1,a11c1 is given by: 

F = T," 
hand f . i (4.1) 
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where the transmission ratio i is given by: 

. outgoing movement hand movement 
l =--------= -------

ingoing movement rotor movement 
(4.2) 

The ingoing movement is the rotor rotation. The outgoing movement is the surgeon 's hand 
rotating the shaft by moving the tip of the pen at distance l from the centre line of the <p-shaft 
(figure 4.3). The motor generates a torque T111 • 

For force transmission i < 1 is favourable, because a smaller motor can be used to obtain the same 
force. However, the friction force F1 feit by the surgeon when he moves the tip of the pen is given 
by: 

T 
F =~+F. ·(1- ) 

.r I. i '"'"" 77 
(4.3) 

where Tr. w, is the total friction force caused by the hearings, encoder and motor. The effic iency of 
a transmission is given by IJ. The friction caused by the gear is assumed to be a percentage of the 
applied force feedback F"""''· For gear transmission IJ is approximately 0,98 [4]. The feit friction 
force is increased when i is decreased. A trade off is made between friction force and motor 
compactness. Using no transmiss ion at all: 

i = 1 and 77 = 1 . 

An advantage of direct drive is that extra measures to eliminate the backlash in the transmission 
can be omitted. Backlash causes position uncertainty of the pen when changing direction. The 
resolution of the pen is directly lowered by the size of it. The resolution will be discussed in 
paragraph 4.2.4. 
In the next paragraph the motor choice will be discussed and it will be shown that direct drive 
will meet the required feedback forces and maximum friction forces. 

4.2.2 Motor choice 

Brush motors generate a torque ripple that is a percentage of their produced torque, typically a 
few percent. Added to this ripple there is an unpredictable torque, caused by the brushes. Control 
cannot cancel it out. As mentioned in the requirements, a human can feel force deviations of 
approximately 7%. The unpredictable torque could be higher than this percentage. Therefore, 
brush motors will not meet the requirements. Brushless motors also generale a torque ripple, 
when using block commutation. This ripple is typically 14% of the produced torque. Using 
sinusoidal commutation, the ripple can be eliminated. Iron based brushless motors with the 
highest torque density (torque to volume ratio) generale cogging. Thi s is a torque disturbance 
based on the magnets in the field attraction to the teeth in the armature. lt is a predictable torque 
ripple TJ,.;,,,,,e that is independent of the produced torque. The motor also generates a statie friction 
torque T fs1a 1ic· 

The front (4) and back (5) deep groove ball hearings generate a friction torque Tp, (calculation in 
appendix B). The encoder (6), mounted on the back of the shaft, has ball hearings inside, also 
generating a friction torque Tf.e (datasheet in appendix A). 
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The total friction torque in <p from (4.3) is given by: 

(4.4) 

The brushless Kollmorgen RBE O 1512 motor with sinusoidal commutation (datasheet 10 

appendix A) in direct drive meets the requirements with (4.1) and (4.3): 

T, ,,_,.,,,,, = 0,5Nn1 

T,,,_,wak = 1, 7 Nm 

T, .. ,11,,ic = 1, 7 · 10-2 Nm 

T . =T . =1 -I0-2 Nm f . rl/lf'/e m ggtllg 

T1 _1, = 3 -10-4 Nm 

T1 _, =5 · 10-3 Nm 

l = l,5 · 10- ' m 

Required: Obtained with this motor: 

F,.,,111 = 2,5N 

F,,,ak = ION 

F {. rnax = Ü, 2N 

F,.,,,,, = 3N 

F,,,,ak = ( IN 

In the l.j/ part, only the friction torque of the bearings is a factor 3 lower, because of the smaller 
load on it. Therefore, it also meets the requirements. 

4.2.3 Bearing stiffness and load 

The motor is frameless. Therefore, a compact housing (7) is des igned around the motor. The 
radial stiffness of the ball bearings that connect the rotating <p-shaft and the fixed housing is the 
critica( stiffness of the <p-part (in appendix C stiffness of all parts is determined, even after 
optimizing the bearing stiffness it is one of the weakest links). Larger bearings have higher 
stiffness c and load capacity C0 [7] and [8] , but also higher friction torque. A bearing generates a 
friction torque given by (calculation in appendix B): 

T =µ- F · c/111 

f. b 2 (4.5) 

where F is the radial load on the bearing and d,,, the mean bearing diameter. In figure 4.4 a 
simplified model of the <p-shaft held by two deep groove ball bearings with stiffness c, and c2 is 
shown . 
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b a 

Figure 4.4: substitute hearing stiffness 

The force F (generated for example when force feedback in z direction is applied) is 
perpendicular to the centerline of the pen and works from outside the two bearings. The substitute 
radial stiffness c, is given by (appendix C): 

(4.6) 

To obtain the highest substitute stiffness, the distance b between the front and back bearing has 
been maximized within the housing, white the distance a from the front bearing to the pen centre 
line is minimized. This has been realized by an O-arrangement as can be seen in the dotted line in 
figure 4.5 . The dotted line is the si mplified force loop. 

~ deep groeve ball bearing 

r-------"""' 
housing F 

wave spring 

Figure 4.5: Hearing O-arrangement 

The <leep groove balt bearings are pretentioned by a wave spring ((8) in figure 4.3). The bearing 
pole Pis placed outside the housing with a distance s given by: 

d 
s =_!!!,_tan a 

2 
(4.7) 

where a is the pressure angle for the bearing chosen. The <leep groove bearings can then be seen 
as angular contact bearings. Pretensioning of the bearings also cancels out play and increases the 
stiffness of the bearing pair [7]. The axial preload should exceed the maximum axial load of 10 N 
to make sure the shaft wilt always make axial contact with both bearings. This maximum load 
occurs when the maximum 'l' force feedback of 10 N is applied. 
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The distance a and b from ( 4.6) are now given by a' and b ': 

With: 

a'=a-s 
b'=b+2·s 

a=20° 
cl,.,= 20· 10-3 m 

a =56· I0-3 m 

b =39· I0-3 m 

c = c = 6 · 1 06 N / m 1 2 

⇒ c, = 7 · 105 N / m 

(4.8) 
(4.9) 

This meets the stiffness requirement of 3.3, p.9. In the Ijl part, the bearing stiffness will be even 
higher because a and bare given by: 

a = 12· I0-3 m 

b = 42 · 10-3 m 

⇒ c., = 3 · 106 N / m 

The maximum load capacity of each bearing is approximately 2000 N, white the maximum axial 
load is approximately 25 N (appendix C) and the radial load 20 N (feedback force plus 
pretension). The bearing load capacity is sufficient. 

In paragraph 4.6 an overview of the stiffness of all components of the <p and Ijl parts in all 
directions wilt be given. 

4.2.4 Resolution 

At the backside of the shaft a Scancon 2RMHF encoder ((6) in figure 4.3 p.14) is placed to 
measure the angular displacement (datasheet in appendix A). The encoder consists of a fixed 
housing and a hollow shaft attached to the shaft (figure 4.6). It has an internal bearing pair and 
thereby five degrees of freedom are constrained for the housing. A flexible element (9) is used to 
constrain the only free DOF: the <p-rotation, without over-constraining the other DOF. 

attachment to fixed housing 

housing 

fl ex ible element 

ho11ow shaft 

Figure 4.6: encoder with flexible element 
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The encoder generates 30000 counts per turn (cpt). The resolution R m q> direction at the 
surgeon 's hand is given by: 

21r · l 
R =-

çi cpt · i 
(4.10) 

This is less than the maxi mum required resolution R ~ 5 • 1 o-s m, the encoder meets the 
requirements. However, virtual backlash adds up to Rffi . In paragraph 4.6 the virtual backlash will 
be determined, and it will be shown that the overall resolution requirement will be met. 

4.2.5 Cable 

Motors and encoders in the \j/ , 0-z and button parts are electronically connected to the fixed world 
( 10) with two flat flexible cables ( 11 ). To make the transition for the cables between the rotating 
part and fixed part without generating high and unpredictable disturbance forces, the cables are 
spirally wrapped around the encoder. One end is attached to a fixed cab Ie cover ( 12), whi Ie the 
other e nd is rotating along with the q>-shaft. To guide the cables into the cover and to make sure 
they rotate along with the shaft, the cables are strapped to a cab Ie guide ( 13). This guide is 
attached to the front and back end of the shaft. The cab les can be considered to be a spiral spring. 
In appendix D the flexible flat cable is explained and its maximum spring torque is determined. 
When the q>-shaft is in its extreme position, the cable generales a force on the surgeon ' s hand of 

F =7 · 10-3 N. 
r a!Jfe 

This is lower than the noticeable force deviation of 7% of the feedback force. Furthermore, this 
force is proportional to the q> rotation and therefore with feed forward it can be compensated for 
by the motor. 
At the back of the \j/ house the cable from the 0-z and button part is coiled up. The disturbance 
force in \j/ is even smaller, because a smaller cable for these two parts is coiled more easily. 

4.2.6 Range 
The required range in q> is ± 45°. However, the mechanica! design does not limit the rotation 
(figure 4.2: front view, p. 13). The cable windings are designed to make a rotation of± 90°. Two 
end stops (14) mechanically limit this range, to prevent the cables from being damaged. Later on 
testing of the pen will show if this extra stroke has any benefits or can be reduced further. 

The required range in \j/ is a lso ± 45°. The mechanica! design limits the pen in + 45° and - 270°. 
Larger stroke will lead to a collision between the 0-z part and the q>-part (figure 4.2: side view, 
p.13). Making a stroke of -90° leads to coinciding of the centre line of the q>- and 0-rotation. The 
system becomes singular: one degree of freedom can be actuated by two actuators. To prevent 
indifferent behavior, cable damage and collision between the 0-z and q>-part, two end stops limit 
the range to +45° and -88°. 
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4.3 0-z part 

In figure 4.7 a cross section of the 0-z part is shown . The main parts are labeled and will be 
discussed. 

A ..,.j 
Cross section A-A 

1 &z black 
2 Cy linder 
3A Guide bush 
3B Bali cage 
4 0-bush 
5 z-bush 
6 Button coupling bush 
7 0-z bush 
8 Button part 
9 0-motor 
10 Z-motor 
11 Encoder 
12 Rack 
13 Z-pinion 
18 0-pinion 
19 Gear wheel 

A 
► 

Figure 4.7: cross-section of the 9-z part 

The 0-z block ( 1) and cylinder (2) attached to it, form the base for the 0-z part. These parts can 
only move in <p and Ijl direction. Over the cylinder, two rotation- translation hearings are placed, 
each consisting of a guide bush (3A) and ball cage (38) (see also figure 4.8). 
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Figure 4.8: rotation/translation hearing 

Together with the El-bush (4), z-bush (5) and button coupling bush (6), they form the El-z bush (7). 
The button part, which is held by the surgeon , is attached to this bush. The bearings make a 
combined El and z movement poss ible for the bush and button part (8). 

4.3.1 Parallel 0-z drive 

The El-z bush is provided with parallel El and z force feedback. The El-motor (9) and z-motor (10) 
are attached to the El-z block. To make the parallel El-z drive possible, the z-drive must be 
uncoupled from the El movement, while the El-drive must be uncoupled from the z movement, as 
will be discussed in paragraph 4.3.3.4 and 4.3.4.4 respectively. 
The moving mass in El and z direction is lowered by this parallel drive. The gravitational force on 
all the moving masses is a di sturbance force. In z direction, compensating for that mechanically is 
difficult. Lower moving mass in z results in lower disturbance force in this direction . In 
paragraph 4.5, weight compensation will be discussed further. Another advantage of the parallel 
drive is no disturbance forces in El and z are generated by cables of the motors and encoders ( 11 ). 

4.3.2 Motor choise 

The volume available for the El and z drive is not sufficient to use direct drive feedback. Therefore 
a reduction i < l has been chosen. Therby, smaller motors can be used, for the same force 
feedback. The disturbance forces feit by the surgeon caused by the inertia of the moving rotor is 
given by: 

1 
F;llt' l'!Îtl CX -:i

/ 
(4.11) 

(4.12) 

where l,m11, is the rotor inertia. A motor is chosen based on highest nomina! torque, weighting 
quadratic (according to 4.11 ), and lowest rotor inertia, weighting linear (according to 4.12). The 
Maxon EC 16 brushless motor (appendix A) is chosen to drive El and z. 
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4.3.3 Z-drive 

In figure 4.9 the z drive is shown separated from the rest of the 0 z part. 

Figure 4.9: z-drive 

4.3.3.1 Z-transmission 

The z drive uses a rack ( 12) and pin ion ( 13) transmission. The z force feedback is given by: 

F = T,,, 
lwml . (4.13) 

I z 

The ratio is given by the pitch radius of the pinion r1, by: 

i = r 
z " 

(4.14) 

With : 

r,, = 5, 7 . 10-3 m 

T,,,_,.,,,,, = 13, 9 · 10-3 Nm 

T,11,peak = T""" = 184. 10-
3 
Nm 

Required: Obtained with this motor: 

F, .,,,,1 = 2, 5 N F,.,,,11 = 2,4N 

F peak = SN F peak = 32N 
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4.3.3.2 Anti backlash gear 

The pinion is an anti backlash gearwheel, to eliminate backlash appearing when the motor torque 
direction is switched (figure 4.10). 

carrying wheel 

~) 
Figure 4.10: anti backlash gearwheel 

It consists of two concentric gears. The carrying wheel is attached to the motor shaft. The other 
wheel is preloaded with respect to the carrying wheel by a wound up wire C-spring. In both 
driving directions, both gears mesh with the rack. To do so, the pretension should exceed the 
maximum force applied. Therefore the minimum preload torque of the spring should be: 

T =F . ·r prdoad pt•ak . 111111 ,, (4.15) 

⇒ ~,reload = 29. 1 o-3 Nm 

The supplier is able to del i ver spri ngs that can create T
1
" e1oad = 17, 5 · I0-3 Nm . This is not sufficient, 

and therefore the spring should be replaced. The torsional stiffness of a C-spring is given by[9]: 

:rrEd 4 

k1,=-L- (4.16) 

where Eis the modulus of elasticity, d the diameter and L the length. A diameter increase of factor 

~ = 1, I gives the required pretension in the spring. The highest allowable stress a1110x is given 

by: 

32T,n,u a =---
'""' :rrd 3 

(4.17) 

resulting in a stress increase of factor 1,5 with the given torque increase and diameter increase. A 
spring material with this factor higher a1110 x must prevent it from failing with the new pretension. 

The total gear efficiency for the anti backlash gear transmission is approximated by using the 
efficiency of a one step transmission ( 17 = 0, 98 from [4]) for each preloaded gear half, resulting 

in: 

11 = 0, 982 = 0,96 
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The maximum friction force in z generated by the transmiss ion F r.i:ear is given by: 

F/ ,gear = F,wnd · ( 1 -1]) 

⇒ F/. gear =0,IN 

(4.18) 

Thi s is 50% of the maximum allowable z friction. In paragraph 4.3 .5 the total friction feit in z is 
di scussed. 

4.3.3.3 Tooth strength 

The gear module m is taken as small as possible (determined by supplier), to obtain the smoothest 
gear meshing. In appendix E gear strength based on tooth root strength (F1,) and tooth flank 
pitting <F1 .. ) is calculated, where the pinion is the weakest link. The maximum tangential force on 
the pinion at which it can operate indefinitely (pinion revolutions > 107

) is given by: 

F,, = 14N 

F, .. =4,5N 

The tooth pitting force is less than F ,,eak• This peak force is only applied with a maximum of 10% 
of the time. Therefore, tooth wear is assumed to be negligible and the gear will be sufficient. 
However, when testing shows otherwise, the gear materi al can be changed from Stainless steel 
303 to hardened stainless steel l 7-4PH. Then, F,.,. = 30N . 

4.3.3.4 0-uncoupling 

The translating rack drives the z bush (5) in z direction by two miniature roller bearings (rollers) 
( 14) (figure 4.9). The rollers allow the bush to rotate freely in 0. The rim between the rollers is 
approximately 5 µm larger than the neutra! distance between the rollers. This causes a light 
preload (5 N) of the rollers, eliminating clearance and increase of radial stiffness. Stiffness in z 

direction of each roller is approximately c, = 2 · 106 N / m (appendix C).The statie load capacity of 

each roller is 30 N, while the maximum load and pretension together is 10 N. 
To obtain the lowest moment on the bush, the driving force should be applied as close as possible 
to its center line. The rollers apply the z force at r, = 7 mm from the bush center line, creating a 
moment on the bush (figure 4.9). From equilibrium of force and moment, the maximum extra 
load on the rotation/translation bearings is 20% of the applied z force. This is a very small load 
compared to the load on the bearings caused by a <p or \jl force as will be explained in the next 
paragraph. 

4.3.3.5 Rotationltranslation hearing stiffness and load 

When applying a <p or \jl force to the hand of the surgeon, the bearings will be loaded similar 
overhung to the bearing pair in the <pand \Jf house (figure 4.4, p17). The di stance b between these 
bearings should be as large as possible while the di stance a between the position where the 
surgeon holds the pen and the first bearing should be as small as possible, to obtain the highest 
radial stiffness and lowest maximum load P,,,ax on the bearings. 
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The radial stiffness c of the bushes is approximated by comparing the radial statie loading 
capacity C11 of the bushes with that of a deep groove ball bearing (appendix C). From (4.6) on 
p.17 with: 

F~ =ION 

a =6O· I0-3 m 

b =3O· 10-3 m 

C0 =60N 

⇒ P,nax =31N 

c =5 · 106 N / m 

⇒ c., =5·105 N/m 

The stiffness as well as the loading capacity of the bearings is sufficient. 

The bearings are pretensioned to eliminate clearance. High pretension gives higher radial stiffness 
and higher friction. The stiffness meets the requirement, therefore the lightest pretension advised 
by the producer is chosen, to obtain the lowest friction (in paragraph 4.3.5 the friction in 0 and z 

wi Il be discussed). The pretension is accomplished by a diameter di fference !),,d = 3 · I0-6 m 

between the shaft diameter dw and bush inner diameter d1 given by: 

(4.19) 

where db is the ball diameter, see figure 4.8, p.21. There is a load reserve of approximately 100%. 
If testing of the guiding shows an unsatisfactory friction level, up to 50% of the balls can be 
removed to lower it. 

4.3.3.6 Rack guiding 

The forces acting on the rack ( 12) are shown in figure 4.11 A. The tooth force vector, created by 
the pin ion ( 13), makes an angle of 20° with the z direction. To keep the rack in place, it is guided 
by four guiding rollers ( 15) on two running surfaces ( 16). These running surfaces are on opposite 
sides of the rollers, because F1 and F2 also act in opposite direction. The two upper rollers run 
over the guiding plate ( 17), whi Ie the two lower rollers run over the 0-z block ( 1 ). The z force is 
transmitted to the bush by the z-rollers ( 14). 

F 
z 

Figure 4.llA: side view rack Figure 4.118: top view rack 
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ln figure 4. 12 a photograph is shown of the manufactured rack guiding. 

Figure 4.12: rack guiding 

4.3.3. 7 Z-Resolution 

At the back of the motor, an encoder (( 11 ) in figure 4.7 on p.20) with 20000 counts per turn is 
placed (datasheet in appendix A). With (4.10) from p.19: 

l=r ,, 

This is much less than the maximum required resolution of R ~ 5 • 1 o-s m, therefore this encoder 
meets the requirement. However, virtual backlash adds up to R,. ln paragraph 4.6 the virtual 
backlash will be determined, and it will be shown that the overall resolution requirement will be 
met. 

4.3.3.8 Z-Range 

The extreme positions in z are shown in figure 4.7. A z stroke of ±8 mm is possi ble. At the two z 
end-stops rubber rings are added, to lower the collision force F" given by: 

(4.20) 

where v, is the collision velocity. The stiffness of a ring is proportional to its Young's modulus E, 

which for rubber is approximated by E
111

,,,,,, , = 5 · 106 N / m2 
, a factor 40000 lower than steel [ 1 O]. 
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4.3.4 0-movement 

4.3.4.1 0-Transmission 

The 0 drive also uses a Maxon EC 16 brushless motor. A one step gear transmission is used 
(pinion ( 18) and wheel ( 19) in figure 4.7 on p.20). The 0 torque feedback to the hand is given by: 

The ratio i is given by the pitch radius of the pinion (r,,) and wheel (r .. ) according to: 

Required: 

r .. = 20, 25. 10-3 m 

r,, = 5, 7 · I0-3 m 

Obtained: 

T, .,,,,, = 30 · 10-3 Nm T,.,,,,, = 49 · 10-3 Nm 

T"eak = 50. 10-
3 
Nm T,,,,ak = 650 · I0-3 Nm 

4.3.4.2 Anti backlash gear 

The 0 pinion is also an anti backlash gearwheel. The pretension torque should exceed the 
maximum torque applied on the pinion: 

⇒ T,,, ,,oad = 14 . 10-3 Nm 

This can be delivered by the supplier. 

(4.21) 

(4.22) 

(4.23) 

Similar to the z drive, the total gear efficiency for the anti backlash gear transmission is 
approximated by using the efficiency of a one step transmi ssion for each gear half, resulting in 
IJ= 0, 96. The maximum friction torque in 0 generated by the transmi ss ion Tri:ear is given by: 

T = T. · (l -17) f .gear ham/ (4.24) 
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This is 50% of the maximum allowable 0 friction. In paragraph 4.3.5 the total friction feit in 0 is 
discussed. 

4.3.4.3 Tooth strength 

The tooth modulus is determined si mi lar to the z transmission. The gear strength is calculated in 
appendix E. This gives: 

T, , = 86 · 10-3 Nm 

T,,_. = 29 · 10-3 Nm 

Si mi lar to the z transmission, pitting can occur during peak load. Using hardened stainless steel 

l 7-4PH, T, ,_. = 190 • 10-3 Nm and no pitting should occur. 

4.3.4.4 Z-uncoupling 

To transfer torque to the 0 bush (4) and thereby the 0-z bush, while allowing the bush to move in 
z direction, three ball grooves (20) are used (figure 4. 13). 

Figure 4.13: 0 ball groove 

The outer ring(2 I) with gearwheel( 19) attached to it is attached to the 0-z block(I) by a deep 
groof ball bearing(22), to fixate it in z direction, while allowing the 0 rotation. In each axial 
groove there are 3 balls. To eliminate play these balls are pretensioned by trying to making the 
groove distance 1 µm smaller than the ball diameter d,,. The ball diameters have a tolerance of 0,5 
µm. The groove is made by wire EDM, which has maximum precision of approximately 1 µm. 
By trial and error, a couple of grooves have been made, to obtain a clearance free z uncoupling, 
with low friction. The rotational stiffness of the 3 grooves with 9 ball s, is approximated to be 
(appendix C): 

c0 = 2 · 103 Nm I rad 

This sti ffness is sufficient. However, confirmation of thi s still has to be done by testing this part. 
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4.3.4.5 0-Resolution 

At the back of the motor, an encoder with 20000 counts per turn is placed. With a grip diameter 
di: where the surgeon holds the pen, the resolution is given by: 

tr ·d 
R =--~-· 

IJ • 
cpt · t0 

(4.25) 

⇒ R0 = 1 1 · 1 o-6 m 

This is less than the maximum required resolution of R ~ 5 · 1 o-s m, therefore this encoder meets 
the requirement. However, virtual backlash adds up to R0• In paragraph 4.6 the virtual backlash 
will be determined, and it will be shown that the overall resolution requirement will be met. 

4.3.4.6 0-Range 

The 0 rotation is limited to approximately ±175°. In figure 4.14 the 0 end-stop is shown. This is a 
simplified cross section of the coupling bush (6) and the cylinder (2) from figure 4. 7, p.20. 

Figure 4.14: 9 end-stop 

4.3.5 Friction in 0 and z 

The friction in z is created by the 2 rotation/translation beaiings, the 3 axial ball grooves, rack 
guiding, gear meshing, motor bearings, encoder and cable wrapping (the latter will be di scussed 
in paragraph 4.4 and is calculated in appendix D). The highest approximated disturbance force in 
z is given by (appendix B): 

(4.26) 
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With: 

F f .trlmt =0,IN 

F1 .gn u,ve = 0, 05 N 

F =8· I0-3 N 
ral'k 

F f.gear = 0, IN 

T1_,,,+e = 7 · 1 o-s Nm 

F, .a/,/e. z = 0, 1 N 

⇒ Fr.: =0,4N 

This is more than the required maximum disturbance force of 0,2 N. However, the calculated 
friction force in z is a worst case approximation. Furthermore, the cable disturbance is linear with 
the z stroke, and therefore with feed forward it could be canceled out. Testing of the pen will 
show if the design should be adapted. 

The friction in 0 is created by the 2 rotation/translation bearings, z-rollers, gear meshing, motor 
bearings, encoder and cable wrapping. The highest approximated friction torque in 0 is given by 
(appendix B): 

T f.tr l mt = 6 . 10-4 Nm 

T1 .:-mils = 2 · 10-4 Nm 

T f.gear = 1·10-3 
Nm 

T,_,,,+,, = 7 · 1 o-s Nm 

T,.""'"·0 = 1 · 1 o-.i Nm 

⇒ T1 _8 = 3-10-3 Nm 

(4.27) 

This is more than the required maxi mum di sturbance torque of 2 • 10-3 Nm . However, the 
calculated friction torque in 0 is a coarse approximation. Furthermore, the cable disturbance is 
linear with the 0 rotation, and therefore with feed forward it could be canceled out. Testing of the 
pen will show if the design should be adapted. 
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4.4 Button Part 

The button part is held by the surgeon, in a way similar to the way an ordinary pen is held. He 
uses the thumb and middle finger to grab it and his index finger to operate a button ( 1) (figure 
4.15). 

Index Finger 

+ 
\ I 

/ 

TI1umb 

Figure 4.15A: front view of button Figure 4.15B: isometrie view of button 

The force feedback in <p, 'V, 0 and z direction must be transferred to the hand by these two fingers. 
Two (more ore less parallel) surfaces are offered to the fingers, with which the surgeon grips the 
pen. 
The button moves along with the hand in <p, 'V, 0 and z. Therefore, the index finger is always in 
reach of the button. 
With the button, the surgeon controls a gripping movement of the instrument in the eye of the 
patient. Button force feedback gives him information about the force of gripping. 

The volume of the button part has to be small enough to fit nicely in between the fingers of the 
surgeon. A cross section of the button part is shown in figure 4.16. 

Figure 4.16: Button cross section 
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The button ( 1) should have a more or less linear movement, perpendicular to the pen centerline in 

its stroke of 5 · 10-3 m . This is the natura( movement the index finger makes when pressing a 
button. The easiest way to fix 5 DOF of the button, while the one free DOF is the force feedback 
direction, is using a pivoting point. This has been made by a fixed shaft with two deep groove ball 
hearings (2) on it. The button stroke is then an are. To make this a more or less linear movement, 
r1, should not be too small and the line between pivoting point and pressing point should be more 
or less parallel with the pen centre line as can be seen in figure 4.16. 

4.4.1 Drive 
The force feedback is generated by a small motor (3). From equation 4.13 a smaller i leads to a 
smaller T,,, and thereby smaller motor. However, smaller i also leads toa larger transmission (or 
extra transmission steps), higher friction and higher inertia disturbance force given by: 

F,list11rh = F,,,er,i11 + Ff (4.28) 

With: 

(4.29) 

(4.30) 

where 1,,, and 11, are the inertia of the rotor and button respectively. The friction torque generated 
by the button hearings and motor hearings is given by Tf.l, and Tr,,, respectively (appendix 8) . The 
pressing movement is assumed to be I Hz maximum, leading to an angular button acceleration 

ä" = 0, 67 rad/ s2 (calculation in appendix F). 

The brushless Maxon EC 20 flat motor (appendix A) with a one step transmission meets the 
requirements. On the motor shaft a pinion (4) is mounted, driving a gear segment (5) which is 
attached to the button . The button force feedback is given by (i is given by 4.22 on p.27): 

With: 

32 

T -3 9 I0-3 N 
111.nml - ' 

0 

ffl 

T = T = 8 · 10-.1 Nm 
111.JJt!Clk Slllll 

1,,, = 3,8 · 10-7 Kgm 2 

r,, = 1, 7 5. 1 o-J 111 

r =32- I0-3 m 
H ' 

r,, = 20 · 10-.1 m 

11, = 2, 7 -10-6 Kgm2 

i = 0,056 

T1_1, ""Tr. 11 , ""6 • 1 o-6 Nm 

(4.31) 



⇒ F,/isturb = 0, 19 N 

Required: Obtained with this motor: 

F, '(,,,1 = 2N F,.,,,,I = 3,5N 

F flntk =5N F =7N peak 

The button force and maximum friction meet the requirements, with the assumed maximum 
pressing movement. 
The button force only occurs in one direction: the surgeon pushes it inwards, and the motor 
generates a force on the button outwards. When the surgeon releases the button, the gripper 
instrument in the eye returns to its neutral position. Therefore, also the button must return to its 
neutral, outer position. This is done by a tension spring (6). The spring force is able to overcome 
friction forces of the button and motor bearings as well as the gear friction and gravitational force 
on the button. 

4.4.2 Backlash 

Because the force feedback is in one direction, backlash of the meshing gears can be eliminated 
by the motor by always putting a small positive torque on it. Theo, the pinion teeth will always 
mesh with the button gear and there is no backlash. This posi tive torque can also eliminate the 
need fora spring as discussed above. The button will always return in its outer position. 

4.4.3 Resolution 

On the motor shaft, an encoder disk (7) is mounted. The encoder house (8) can generate 400 cpt. 
With ( 4.10): 

l = r,, 
⇒ R" = 2 · 1 o-s m 

This is less than the maximum required resolution of R ~ 5 · 1 o-s m, therefore thi s encoder meets 
the requirement. 

4.4.3 Cable 

To connect the motor and encoder with the 0-z block, a flat cable (9) is used. The 0 rotation and z 
translation must be overcome. The flat cable is wound up in a similar way the flat cable in cp and 
\JI is, but a z stroke is added (figure 4. 17). 
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+z 0 =-» 
tube 

Figure 4.17: 9 and z cable winding 

Without high disturbance forces (discussed in paragraph 4.3.5), the cables are connected to the 0-
z block. At the bottom of the pen, adding space to coil the cable would lead to larger distance 
between the button and the first rotation/translation bearing, which lowers the stiffness at the 
actuated position(discussed in 4.3.3.5). Therefore, the cable is transported to the top of the pen to 
coil it there. A tube ( 10) guides the cable through the cylinder ((2) in figure 4.7 on p.20). It is 
attached to the button part by a connector ( 11) in figure 4.16 on p.31 and thereby it rotates and 
translates al ong. To al ign the tube to the button part, the button part has a tube guide ( 12) with 
sliding fit for the tube. 

4.4.4 Button fastening 

The whole button part can easily be rnounted on the pen by a coupling nut ( 13) which joins the 
button coupling bush (14) to the button housing (15). The pen can be modified for different 
surgeries by putting different button parts on. Then, the cable can be disconnected by the 
connector. Different functions can later be assigned to different buttons within the limits of the 
flexible cable. 
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4.5 W eight compensation 

The gravitational force (Fg) acting from the centre of mass of the pen causes a force on the hand 
of the surgeon (F,u,11d) , depending on the position the pen is in. In every degree of freedom (cp, \jf , 0 
and z) different parts, and thereby masses, add up to this disturbance force . 

4.5.1 q> and 'I' compensation 

In the \jf-rotation only the 0-z part rotates and therefore the unbalance of this rotating mass causes 
a disturbance force in \jf direction . In the cp-rotation the 0-z part and the \jf part rotate together, and 
the unbalance of the sum of the centers of mass of these parts causes a disturbance force in cp 
rotation. In figure 4.18 the position of the centers of mass in cp and \jf rotation is shown. The z 
stroke slightly intluences these positions. For mass compensation z is taken in its mid position. 

'I'- rotation cp - rotation 

Figure 4.18: Centers of mass in <p and 'I' rotation 
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In figure 4.19 a simplified version of the pen during one of these rotations is shown. 

F hand 

Figure 4.19: disturbance force caused by unbalance 

The hand, at distance l, must apply a force to compensate for the tangential component (F~.,,,µ) of 
the gravitational force acting on the mass m. F"""" can be calculated by the equilibrium of 
moments about virtual trocar point TP : 

F;"""' X { + F, .111,e X 5.1 = 0 

With simple goniometry it can be seen that: 

In the \j/ rotation the angle /3 is given by: 

Fe tn,e = FM ·sin(a) 

s 
5 3 = 51 + tan ( a) 

/J=lj/+45° 

(4.32) 

(4.33) 

(4.34) 

The maximum hand force occurs at \j/ = +42°, the maximum force on the hand can be calculated: 

{ = 1,5· 10- 1
,n 
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mf/1 = 5, 9 · 10- 1 kg 

FM =5,8N 

s1 = 5, 7 · 10-2 m 

S2 =3· 10-3 ,n 

/J = 87° 

⇒ F;,wul = 1,9N 



In the <p rotation the angle /J = rp. The maximum hand force occurs at <p = 24° and is calculated 
with: 

l=l ,5 · 10- 1m 

m"' =2kg 

f'.~ = 20N 

s1 = 1, 1· 10-2
111 

S 2 =2,5 · 1Ü-2 m 

/J= 24° 

⇒ F;
1111111 

= 3,6N 

This disturbance force is 60% respectively 140% of the required continuous force for the actuator 
in \j/ and <p direction. The actuator can not be used to compensate for it, because all the torque it 
can deliver is needed for the force feedback. 
To compensate for the unbalance a counter mass is used. First the \j/ rotation is balanced. The 
center of mass of m"' and counter mass m"' "' summed up , should coincide with the virtual trocar 
point TP. Then, the \j/ rotation is balanced: the pen can be placed in any position without causing 
a reaction force on the surgeons' hand. To do so, a mass is placed above the pivoting point TP, 
where the centre of mass of the pen, the pivoting point and the centre of mass of the counter 
weight forma straight line in this 2D view (figure 4.20). 

Figure 4.20: Ijl counter mass placement 

Also, the following must hold: 

(4.35) 

For compactness and to obtain the lowest inertia, a larger counter mass at smaller distance is 
favourable, where inertia is related to the mass and di stance to pivoting point by: 

• • ? 
inert,a oc m,. x s,.- (4.36) 

A material with high density, Tungsten Carbide, is chosen. The density is p = 1, 7 · 104 kg/ m' and 

this material is in stock. 
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This \Jf counter mass is shifted in y (see figure 4.18 on p.35) to put its centre of mass in line with 
m'P and TP. An additional mass is added for cancelling the small unbalance left, as tungsten 
carbide is difficult to machine. This mass is mounted axis symmetrie in \Jf to keep the \Jf centre of 
mass unchanged. In figure 4.2, p.13, the resulting design is shown (in brown). 

4.5.2 0-compensation 

Mass compensation in 8 is not necessary, because all the bodies moving in 8 are axis symmetrie. 

4.5.3 Z-compensation 

The disturbance force caused by the z movement is only dependent on the pen position in <p and 
\Jl. The maximum disturbance force in z direction is feit at the pen position <p = 0° and \Jf = -45°. 
In this position the pen is aligned with the gravitational vector. Then, F = m · g = 1,5N. The 

disturbance force decreases proportional to the angle between pen and gravitational vector. 
For compensating in z, two concepts are made, the rack-pinion and pulley-string concept (figure 
4.21). 

Rack-pinion concept Pulley-string concept 

string 

pinion 

rack 

bush 

Figure 4.21: z mass compensation concepts 

The upper and lower position of the bush is shown for both concepts. At the rack-pinion concept, 
two racks mesh with a pinion which is attached to the 8-z block. Moving the bush in z, both racks 
move the same distance in opposite direction. One rack is attached to a counter mass m, with the 
same mass as the bush. Thereby, the z movement has been mass compensated for. 
At the pulley-string concept the bush mass and counter mass are connected by a string. The 
direction alternation is done by a pulley, attached to the 8-z block. Both counter masses should be 
guided to allow only a z movement. The latter concept only works, when gravitation causes 
tension in the string ( -90 ° < <p < +90° and \Jf < +45°). 
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Both concepts introduce extra friction. In the present pen design, no space is available for this 
compensation. Mass compensation in the z movement has not been added. Testing the design 
must show the necessity for it. 

As mentioned before, the z movement also introduces a disturbance force in the <pand \j/ direction 
because in the z stroke the centers of mass shown in figure 4.18 on p.35 shift. The maximum 
hand force at z = ± 7,5 mm in <p and \j/, without <p and Ijl compensation, can be calculated by 
(4.32): 

In \j/ the only difference is: 

In <p the only difference is: 

l=l,5 -10- 1 ±7,5·10-3 m 

si = 5, 7 . 10-2 ± 2,5. 1 o-J m 

F,"""'· 1/1 = 1, 9 ± 0, 1 N 

l=l,5 · 10- 1 ±7,5-I0-3 m 

- 1 1 10-2 + 1 5 10-3 s
1 

- , • _ , • ,n 

F,"'"".,;, = 3, 6 ± 0, IN 

These forces are below the requirement of for the friction force in <p and Ijl and therefore, no extra 
measurements are taken to cancel out these disturbance forces. Also, this force is proportional to 
the z stroke and therefore feed forward can be used to cancel it. 
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4.6 Performance 

In table 4. 1 a summary is given of the required and obtained feedback force and torque, friction 
force and torque and resolution (requirements from table 3.1 ). 

a e : e ormance o t e es12ne T bi 41 P rf fhd' dh apttc pen 
DOF Variable Requirement Obtained 
q, Fom, 2'. 2,5N 3N 

F,,t!ak 2'. ION II N 

F1 ~0,2N <0,3N 
R ~ 5 · 10-5 m 30· I0-6 m 

Range ±45 ° ±90° 

'Il F colll 2'.2,5N 3N 

F,,t!ak 2'. ION IIN 

F1 ~0,2N <0,3N 
R ~ 5- I0-5 m 30- 10-6 m 
Range ±45 ° +45° to -88 ° 

0 F t.:Oll f 2'. 30- 10-3 Nm 49 · I0-3 Nm 

Fpt!ak 2'. 50-10-:i Nm 6,5· 10- 1 Nm 

F1 ~2-I0-3 Nm 3· 10-3 Nm 
R ~ 5- I0-5 m 1 l · I0-6 m 
Ran;?e ±90 ° ±175 ° 

z F u m1 2'.2,5N 2,4N 

Fpeak 2'.5N 32N 

F1 ~0,2N <0,3N 
R ~5- I0-5 m ~ l,8 · I0-6 m 

Range ±7,5· IO-:i m ±8· IO-:i m 

button F u m1 2'.2N 3,5N 

F /leak 2'.5N 7N 
F1 ~0.2N <0,2N 
R ~ 5 · 10-5 m 20 -10-6 m 
Range 5- I0-.1 m 5 -I0-.1 ,n 

As can be seen from the table all feedback fo rces except the Fco 111 in z direction meet the 
requirements. This force is sli ghtly smaller. Because the requirements are based on coarse 
approximations, this small difference will not influence the total performance of the haptic pen. 

The friction torque and force in <p- , \j/-, 0-, and z is 50% larger than the requirement. The 
requirement is based on a noticeable fo rce deviation of 7% of the applied fo rce (paragraph 3.3). 
Therefore, the obtai ned friction will be feit by the surgeon. However, in 0 and z 33% of the 
friction force and torque is caused by the cable, which is proportional to the 0 and z movement. 
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With feed forward this can be canceled out. [n <p and 'I' 33% of the friction force is generated by 
the gravitational force on the shifting pen in z. It is proportional to the z stroke and therefore 
again with feed forward thi s can be canceled out. Then, all the friction levels will meet the 
requi rements. 

All the ranges meet the requirements. 

All the resolutions of the encoders meet the requirements. However, to be able to measure the real 

pen tip movement with this resolution, the stiffness should exceed c ~ 2, l · 105 N / m according to 

(3.2) and (3.3) on p.9. In appendix C the stiffness of all parts in <p, 'I', 0 and z direction is 
calculated. For each DOF the total stiffness can be determined by: 

1 1 1 
-=-+ .. . +- (4.37) 
c_, c1 c" 

where c, to c" are the separate stiffness's of the individual parts and contacts, serially linked. The 
lowest stiffness in each direction is the limiting stiffness, stated in table 4 .2. The torsional 

stiffness in 0 is converted toa translational stiffness at the radius r = 1 · 10-2 m where the surgeon 
holds the pen, by: 

k 
C = _fL 

(J 2 r 
(4.38) 

a e . : 1m1tm2 sh T bi 4 2 r ·rr ness m (1), (1), 9 d an z 

DOF Limitin2 part Stiffness [N/m] 
(j) <p-bearings 6-105 

'Il <p-house 5 · 105 

0 motor shaft 8-106 

z \j/-house 3 · 105 

The stiffness meets the requirements. The maximum detlection is 8 • 10-6 m and maximum virtual 

backlash is 1 · 1 o-6 m. Adding the latter to the resolution obtained by the encoders, the total 

resolution meets the requirement of R ~ 5 • 10-5 m in all DOF. 

This resolution is based on a statie loading. A human being is able to move his hand with a 
frequency of approximately 20 Hz (the surgeon probably uses lower hand frequencies during eye
surgery) . The first eigen-frequency of the pen should be higher than this value, to be able to 
measure the real hand movements with the encoders. Using a 1-dimensional mass-spring analysis 
an approximation is made for the lowest eigen-frequency, given by: 

(4.39) 

For the mass a worst case value is taken of 2 kg. With the lowest stiffness from table 4.2 the 
eigen-frequency is: 

⇒ CtJ,, =60Hz 
This is factor 3 higher than the maximum hand frequenc y and therefore, the stiffness is sufficient. 
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5 Conclusions and recommendations 

A design for a 5 DOF haptic master device for an eye-surgery robot has been made and the 
prototype is built. The design meets the feedback force and torque and range requirements as 
determined before the project started. Testing of the haptic pen must show if these requirements 
come up to expectations. 
A first analysis has been made with respect to the friction force feit by the surgeon. This indicates 
that the friction force and friction torque is not noticeable by the surgeon. Thereby, it meets the 
requirements. Measurements of the friction of all components must confirm i f this is the case. 
The resolution of the encoders is at least factor 1,7 higher than the requirements. The statie and 
dynamic loading intluence the actual measurable hand movement, thereby lowering the 
resolution. A first analysis of statie and dynamic behaviour indicates that the resolution meets the 
requirements. Testing of the haptic pen must show if the resolution is high enough to truly 
provide a haptic feeling to the surgeon's hand. 
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A Datasheets purchased parts 

Al q> and 'Il brushless Kollmorgen motor 

RBE-0151X-XOO ---------------------------

05005 
(2 325) 
MAX. 
2PL 

,10 .004 A 

MTG. REO'T 

Dimensions in mm (inches) . 
Product designed in inches. 

Metric conversions provided tor reference only. 

Nores: 

'A' 

l) For 1 C.\V. rorarion. as v1e1.1.-"td from lead end. energize ptr 
ucuabon Sif(Jumct ra.bie. 

1) V-AB. V-BC and V-CA ,s b,ck E.\IF of mo1or pb.,,.,, AB. BC 
and CA re~·ely. ahg:ned \\ith st.nsoI output as shown for 
C. W. rot.ui on onl y. 

3) Mounting swface ,s berwttn 0 60.35 (2376) and 0 59.06 
(2,325) on bo1h <id.._ 

0 57.70 
(2_275) O 00.35 (2 3701 
MAX. ec>.JO (2..J7-4 t 
2 PL 

l 
'.\10DEL RBE- RBE- RBE- RBE- RBE-

NVMBER 01510 01511 01512 01513 01514 
"A" 5.72 12.7 19.05 25 .-1 33.02 

Dimcnsiou (0.225) (0.500) (0.750) ( l.000) (1.300) 
"B" 12.07 19.05 25.-1 31.ï5 39.37 

Dimrusion (0.-175) (0.750) (1.000) ( l.250) (1.550) 

Tolerance! .010 on "A" Dimension. 

RBE· RBE· 
01515 01516 
38.1 50.8 

(1.500) (2.000) 
-H.-15 57.15 

( l.750) (2.250) 
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MotorPinMm S,ml>oh llniu 01;;10 mu 01.511 01513 01514 

Mu Oma. OlllJlUI Poo>r HPR>1NI HP 0.lèl 0.176 0.110 0.èlO 0-~4 

Jt 25'C arnl>. p R>!td W,111 95 131 1.57 119 197 

Sptf<i '-' Rad Poou N lu:od il,P),f mo HOO 4550 ~50 3570 

Mn Meduwl SpeNI NMu: !tl'M 16500 ló;-00 l6;«l 16500 16500 

Canur.xru> Sbll Tan;uo Te o:-m .?H HJ 71.9 9U 114 

11 ~•cunb. N-m 0 193 0J.54 0.503 0.645 0.ll08 

Puk Torqut Tp o:-L"I 78.6 !62 !3-1 Jl3 ~ 3 

N-m 0555 1.15 L66 l.2 l l.85 

Muîonp,e T!.I 11:·0 78.6 162 !3-1 )13 ~ 3 

forI..inurKT N-r, 0555 U 6 1.66 :!.:1 .?.85 

MON!I Con= Km o,_. inJ..[iir 638 U"6 IU 18.l ::1 

N-m/,/ W 0.0451 O.C\519 0.105 O.t.::8 0.156 

Thernul kli51:1,_--a:* RJh ·c.w,n uo 355 3JO 3.1] 2.95 

Vnrou, Dll!IJ!L'\& Fi 02·'-'\•RP!.l :ltE,-0-4 I.QSE.-03 1.ióE-03 2.'7E.()3 H ~-03 

N-0\•i\P)d L9-4E-(16 l .HE--06 l.Z4E--05 LHE-05 lJ.!E-05 

~Llx Sa DC Fncóon T! or-io Z.00 2.93 1n 4.6:' 5.6] 

!'J-m 00141 0.021 0.021 0.03] 0040 

~, Cog,ng Torqu, Tco~ o: -o 0950 1.21 U7 Ui è.01 
?,., ., p.,1 S-m o.oo,m 0.CO&U 00104 00111 0.01-12 

Jr-,ni, lmi o:-in-~cl Z.l0E-03 J 60E--03 4.90E--03 6.20E-03 1.lOE-03 

Fnmelt.u ;;g-m' L48E-05 1.5-IE-05 H óE--05 USE--05 5."-!E-06 
M01cr Wt1g),1 w~ 0: 6.30 105 l43 18.l 1: .1 

Kg L 79E-O! l.llSE-01 4 06E--Ol 5.HE--01 ó.'4E--Ol 

L'tf.rtil lm o: -ut-Silc1 :20E--03 l .i'OE--Ol 5 OOE--03 HIE-03 7 5(1E.()3 

Hou,ed ~-ml L55E-05 l.ól E--05 JJJE-05 H5E--05 5.5!E-05 
MO(or V...gt,1 W<h 0: 19.0 j,_5 !15 ll.ó .16.4 

Kg 539E-OI 6.65E--01 7 50E--Ol ~95E--0! L0JE--00 

No. af polu p 12 Il 12 12 lZ 

-WÎadÎll!:C-...S Symhola Uniu A B C A 8 C A 8 C A 8 C A 8 C 

CwtlS ~ eau. Î«q2 re ...... 5.!0 1;1 9.~ Ui 3.53 1.16 H l 3.13 190 ,,. J.!Ji 1.50 4.6! :!.94 ll& 

Ccruu l'uiîa,q-.t lp ~ H O 9.19 ~o H.0 9.89 16.1 14.0 9.89 50 H.0 9.1!1 15.0 15.i 9./ll 5.0 

Toe Smm-::ir i;, "'"-'VtL"f 6.78 1.91 J.:l 11.6 16.2 U.5 11.0 5 .l 956 _ 7 JU l:S 36.0 40.9 16.7 

N"-"1'.~ 0.0!01 Qlfü9[0::!9 O.ll!ll 0.US 0.Cll!Z 0.1.J) 01111 o.om 0ló(I 0..:Jl Q090! 0.1~ 0..:59 0.ll! 

BJCi. EMF ooruuni KI, V,;;:&PM u ;.56 l.lO &,?, 1!0 8JO C.6 173 1/11 lU ;Jj 9.6 Uil J01 1:l 

Mo<ur:l= b Olm, 0.5H L'a 0..:56 Uli :oz 05116 l.33 :59 0.1!! 155 ]Ql 0.'59 1.'\l Hi 0.5i7 

Mom!!r.!u:IZICO lm ::iH 0J, 0.61 0101 0.!3 1.1 035 0.87 u 0...'7 l.è :; 0.35 l.l ~-6 0 4) 

-*R!h ~ 1 bomed moror ma.mied ro J -t" :t lb.,. 1 0.h-. Jl-.:ncrum. M.USink er !QUIVÜl!rlil 

ContinuotL~ Dnty Capability for l 30°C ~ - RBE - 01510 Suie.s 

o+-~~ ~~........-~~~....,...~~......,.---, 
0 

TtJl>Ls 
20 -AO !O ki 100 120 HO t5) tJla:-n 

~ ~ » ~ ~-

01515 

01Z4 

212 

3400 

l6.'00 

L'? 

0.WI 

~ 

3.31 

~ 

H l 

:'-U 

0.170 

2.65 

J.ME--Ol 

l.HE--05 

6.31 

0.045 

2.21 

0.0156 

U0E-OJ 

6-lE--05 

è58 

l JOE--01 

8.90E--03 

6.ZSE--05 

J,9.7 

l..lJE+-00 

12 

A 8 C 

5.ll J.l 6.91 

lU 91!1 5 .0 

16.0 '7.è 19J 

0.l~ O.llJ 0.136 

Ul.1 H.9 ll.l 

w J.M 06:J 

0.19 JJ 055 

01516 

0.307 

229 

mo 
l6500 

154 

!.rel 

610 

UI 

610 

4JI 

'.!5.6 

0.:.02 

1.1: 

5.JOE--OJ 

l .74E--05 

~00 

0.051 

2i'O 

0.019 

l.HE--02 

8.05E--05 

33.4-

9.47E--O! 

Ll5E-O: 

U1E-05 

47.5 

USE+-00 

l1 

A 8 C 

51& :39 6 

19.& 9.89 5 

JU 61.3 5 

J4 

.0 

5 

!BO 0.nl 0.l'll 0. 

5.1 '6.1 L5 

1.19 rn o.; é!I 

L1 1.4 1A 

14 KOLLMORGEN • Radford, Virginia • 1-800-77 SERVO 
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A2 q> and 'Il Scancon encoder 

24 mm diamater - up to 7500 pulses/lum 
up to 30000 counts 

Also .is Absolute SSI - Section 14 p.ige 1 to 2 

.. , 11=1 •• SPt::CI s 1 

At +2s·c 
Output Totempole 
Output wavefonn lncremental (A, 8 ) 
Zero or index pulse (Z l one pr.lrev. 
Supply-voltage (Vin ) M,n -l,5V to Max. 30V • 

R<!WfW pc,jarity protec1loo 

Current (no load) JSmA 
Max. load p.-. output 20mA (Short circuit p.-otected )" 
V out low Max. 500 mV@ I = 10 mA 
Operating temp. -4o•c to +as· c 
Storage temp. -40 • c to +ss · c 
Max. pu,= rrequency 200 kHz• 
V out high Mon (Vm -0.~) @ 1 = -10rnA 

Min. (Vin -1,3) @ 1 = -25mA 

CE: TYPE 2RMHF 

ENCOOER TYPE Ho»o-." shaft encode< (bind end) 

SMD - TECHNOLOGY Strong oompact e-~ronM::S 

HIGH IP-RA NG Sul. IP 6-4 (oplion; Ribbon c•ble + 
IOC conneC1or = IPSO) 

LOW CURRENT COHSU~PTlON o be connec<ed dorect!y to 
PLC'S and coonier.; 

5-HORT CIRCUIT PROTECTION Thermal shut down a, 155"C 

WIDE SUPPLY RANGE M.l. 4.5V to ma> 3/JV 

STRONG CONSTRUCT! Ba,ed on 2 p<ecooKM> l»I 
beiil'TIQS , for indusuial 
envranme nts 

Weight About 35 
Meteria ls: Housing Electroplated steel and brass 

Shall Brass 
Bean ngs LJ!etime lubricated ba!~bearings 
Fix. damp Bross 

H.-Shaft dmiensions View Orderi 

Max. rev. 
IP-rating 
Start torque 
Mass moment of 
inertie 

Radial max. 20 N 
12 000 rev /min 

IP 64 
<0,005 Nm at 25•c 
t ,0gcm' 

Cable data S{o •• mm•)or 6--leads(o.os~~•) shielded Max. shock 100 G/ 11 ms_ 
Output signals Standerd, lnverted 

Dlfferenbal {RS-422A compabblel 
Certified ace_ to EN 5008 1-1 and EN 50062-2 . 

= lt ö not reoomnended to 
oorr-one n"WC va/ue to, au 3 p,;wameters 

-------- --~-;--• 0 -Voh 

'-['.' _ _ Stveld ' 

' Shte ld oome<:,'ted to housmg 

Burn 
Vibmlion 

Section 7 - page 1 

10 G - 16 ms 1000 x 3a<Js 
( 10 - 2000 Hz )/10 G 

1 WARNING. " 
~... M1 .6:ii:5 

' hex.key:1 .5 

. - fvb,c torque 
10Mcm 

tOl'Sionally s 
spnng couplin,g 
Max. Movement 
axial ±0.25 
4aJc Movernent 

iaterol :tO.oti 
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~ Rotation: Clockwise (cw) trom shaftside 

(inv = inveneo channe!s) IYI 
136(l•e1 ' 1 X 1 

channel A r7 r7i r7 

channel A -1nv ~

1 channel B SU:LJL 
channel ë;.tnv ~ 
cha.nnel Z 
(gated) 

channelZ -inv ---U--
(gated) 

X = 180'e ± 36'e and Y = QO'e ± 18' e 
Z p"s: Gated wrth A and B {standord) 

Options : TTL 0< HTL CO<npatible. Open Collector NPN or PNP 
Gated 2-puls or none~ted 2-ptJls. 
View more Output options in section 16 - page 1 to 2 

Pu s pr.rev. 

Outpul s,gnol: 

Hol low S Il 
DimensOOs: 
(Tol nee G7) 

IP-<-al>ng: 

Round Cabte 
Length of cable: 

R ound Cab&e 
ta e out. 

Cable and 

Options 

o. of pt.A~s 

Nonnal (TP-Slondard) 

Ordttcod~ 

xxxx 

3 chonnel = A. B. Z N 

TP-Oifferenbal, 6 channel 
A. B. Z and A-wiv. B-1nv. Z-fnv O 

03mm 0 3 
o4 mm 04 
e5mm 05 
06mm 06 
0 114• 114 

IP &! 54 

St:mdard 1 meter 0 1 
No. of me·N"S XX 

S1de s 
Baci< B 

connector options:: View section 15 page 1 0 o 14 

Anti ro .Jtion 5Pring 
C:Ol.4)lin g or Range / P late View Secbon 8 page Q to 13 

Colorcode Standan:I Color code Oifferentia, 

G=n l'.hA Pin~ ChA y_., ChB Gn,y ChA inv 
Grev 1';h 7 Green Ch B ,_ v-~-- r.hR {nv 

'Mlite 0-Vott White ChZ 
a~ Ch Z inv 
C-< Vee 
Blue ().Volt 

4 30 100 250 600 2048 
10 36 125 256 1000 2500 
11 50 128 300 1024 3000 
12 60 150 360 1250 3600 
15 75 180 400 2000 5000 
25 90 200 500 2500 7500 

View section 15 page 10 to 14 

Options 

Flat Cabte (only IP 50) 
Rbbon + IOC 0< AMP 

Connector on Encoder 
tonly IP04) 

Encoder 
2RMHF 

~ r--_:_,/ 
Clan1!)
bushing 

2RMHF !71510101 [Q] [alm [5Ia] [Qfil ~ 8101113191 71 9 11 ITID1Cl 
Pufs.e-s Output 

SIQll a.1 
Hollow IP- Length of Cable Anll Rotanon Spring Coupling cable connector 
$haft rabng round c.abfe ta !! out 

TLF . .. ., .. .ae 17 2:7 0 2: · FAX •45 "a 17 2:? B,4 
lntoe-oonoon.dk www.~o.anoon.dk Section 7 - page 2 



A3 0 and z brushless Maxon motor 
EC 16 0 16 mm, brushless, 40 Watt 

A with Hall sensors 

1-4,1 

10; -u 

Conngc tor: 
MKF 13268-6-0-a08 
Stocko Elektronik C..mbH 

- S1oci< program 
C] S1nndard program 

5PQ~a1 program (on rGqUHI) 

Motor Data 
ValuN • • nomln•I voltage 

1 NomnaJgago V 
2 NoloadSf"'°" rpm 
3 Noload.....- mA 
4 Nomlnal,pc><>d ,pm 

5 Nomnal 10tqUQ (max. oontlruous lorqoo) mNm 
6 Nominal curniK'rt (max. contlnuous cumwit) A 
7 Staltorq<JQ mNm 
8 Startlng w mmt A 
9 Max.offidoncy % 

Charactwts tfca 
10 fQrmlnal rvsi-.,., phaoe 10 p/laN Q 
11 Terminal Jndx::(anc:e phaaa lo ph11se mH 
12 Torqug mnstant mNm / A 
13 SpQodconstam rpm / V 
14 Speed /torquo gmdl<>nt IJ)m / mNm 
15 Mcx:hank;aJ tfflQ constant ms 
16 Rolorlnertia gom• 

'56J 

12.0 
35800 

358 
32100 
13.3 
4 .51 
141 
44.5 
83 

0 .269 
0 .0 140 

3.18 
3010 
255 
3.39 
1.27 

B sensorless 

j)) 110 lOO •~ 

~ fl ~)OAO~~ 
~FIH1~PIN8 M 1 :1 

18.0 24.0 32.0 
40300 41400 41400 
284 222 166 

36700 37000 37000 
13 .4 13.9 13.8 
3.41 2 .7 1 2 .03 
166 184 183 
39.3 33 .5 24.9 

11<4 85 86 

0.45a 0 .718 1.28 
0 .0249 0 .0420 0.0746 

423 5.50 7 .33 
2260 1740 1300 
244 226 228 
3.25 3 .0 1 3 .03 
1.27 1.27 1.27 

SpeclflcaUons OperaUng Aanga Commenls 

Thennal data 
17 Thitrmal n;uMstanco houslng-amblont 1 O 3 K / W 

•['1"111 

18 Th4ilrTT'ltll rosistanco wlndng-housin,g 1.2 K I W 
19 TJwm,aj limg constant winding 2 08 s 
20 'ThermaJ time coosbnt motor 299 s 
21 Am~t ti;,mperaturg -20 ... + 100°C 
22 Max. permissib~ windinQ IQmperaturv +1 25°C 

Mechanlcal data (prc~aded ball bea1 Inga) 
23 Max.. pg,rmissibkl ~ 50000 rpm 
24 Axtal play at axkll load < 3.5 N O mm 

> 3.5 N max. 0 .14 mm 
25 Roolalplay 
26 Max. oxlal load (dynomic) ,.o 2.0 3.o ,.o I l,'J 

- Contlnuout op•adon 
In obsorvallon of abow lia1vd thermat roslItanoa 
(11n"• 17 and 18) lho maxlmJm pc,rml1sible wlndng 
twnporature wNI be reachod durtng continuoua 
ope ralion a l 25"C amb'9nt. 
• Toem,oJ 1ml 

Short term operation 
Tho motor may b<> brk>fty o""1oadod (roconioll) . 

-- Auign4ld pow• rat..-.g 

27 Max. forai for pn~ss fits (ototlo) 
(slatk:, shatl supportoo) 

28 Max. radal loadng, 5 mm trom ftanoo 

pniloa.c»d 
JN 

40 N 
250 N 

ION maxon Modular SVstem Overview on page 16 - 21 

Other apedflcatlons 
29 Number of pofe pairs 
30 Numbor of phases 
31 Wg,ight or motor 

Va.lUQa listod In tho t3b&Q sro nomina!. 

Connecdon A 
brown Motorwindng t 
nxt Motorwinding2 
Of'81lOG Motor wtndng 3 
yglow VM.11 4 .5 ... 24 VDC 
'1'QOn GND 
b6I.Jg Hal sonsor 1 
lllc>kJt Hal sensor 2 
~Qy Hal sonsor 3 
ConnecUon B (Cablo AWG 24 ) 
brown Motor winclng 1 
rli>d Motor wlnclog 2 
Oranc;)Q Motor w;ndng 3 

Pin t 
Pin 2 
Pin 3 
Pin 4 
Pin 5 
Pin 6 
Pin 7 
Pin 8 

Wiriog diagram tor H all SQnsors ~ pagg 27 

May 2008 .cficion / subjed 10 change 

P1anetary GNrhoad 

1 ~ f~Nm 
3 Pago232 

58g 

Recommended Electronlca: 
DECS 50ffi Pago 284 
DEC2413 , DEC 50/5 265 
DECV 50ffi 286 
DES 50ffi 287 
EPOS 2411 294 
EPOS24/5 294 
EPOS2 50/5 295 
EPOS P 2415 297 
Notea 20 

Er 
tor type A: 
Enc-MR 
128 / 256 / 512CPT, 
Pago 257 

-•• EC """°' 157 
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A4 0 and z Scancon encoder 
® 

Onty 16mm in diameter and up to 5000 ppr. -True lines. 
Up to 20000 Counts 

, ~1..IICAL -•~-- 1 

At +2s·c 
Oulput Torempole 
Output wavefocm lncremental (A, B) 
Zero or index pulse (Z) one pr Jrev. 
Supply-voltage 5 to 12 V (on reauesl up to 24 Volts) 
Current (no loacf) 35mA 
Max. laad pr. output 20mA (Short circuit orotectedl 
V out low Max. 500 mV at I out low = 10 mA 
Operat,ng temp. .20•c to +70° c 
Storagetemp. -20· c to +ss·c 
Max.. pulse frequency 200 kHz 

V out high Min (V.n -0,8)@ 1 = -10mA 
Min . {V,n -1 .3) (lll 1 = -25mA 

Cable dala 8-leads (0 .05 mm') sh>e lded or 
,n~ .. - ., ""'' h,...,4 I'> .. ... , .... n 1 n..... .... 2 

Oulput signals Differential tR5-422A comoatible) 
Certified ace To EN 50081-1 and EN 50082-2' 

'NA wrtl1 flat band cable 

+ Vee 

Signal 

0-Vol 

'Shield 

'Shield connecied to housing 

(€ TYPE 2MCH 

EJ«::COERTYPE 

SM[) · 'TcCHI-Kll..OGY 

HIGH -RATING 

~t cro hollow shadt oncooe, 
(bind end hollow shadt ) 

LOW C\RRB/1' CONSUMPTION 

Strong ~ eledronics 

Std. IP 6'4 {Wlih fDC; IP :<IJ 

To be comeCled dl1!dly ID 
PLC-S aoo co..tler.ó 

SHORT CIRCUIT PROTECTION 

POWER SUPPI. Y 

Thennal shui down at 155°C 

5"°'1sto 12 Volts ± IO'lo ( TTL ) 
(on f'O<lUO" up :o 24 Vol!s) 

STRCNG !.EC. CONSTRUCTION B>sed on 2 preclSl<Jf1 ball bearrgs 
tor mus:nai efW"""""'1 

Weq:,t, exd . Cable 
Materials: 

Hoosr,g 

Shafl 

H.-~ loads 

Max speed 
IP-rating 

Start tex-que 
M:assmoment of 

Max 14 deep 

Aboui 15 g 

Brass / AILminum 
Brass 
Lifetime luooca1ed ball-beari s 
Brass 
01 .5mm - 02mm - o3mm . 1/8" 
Axial max.. 10 N 

Radial max. 10 N 
12.000 rev./mn. 
IP 64 with IOC· tP 50 
<0.005 Nm al 25' C 

(10 . 2000 Hz )/1 0 G 

--------+--------------~ 

View options for 
hollow sliaft 

NOTE: 
N For mounting view 
~ mounting inslructio s 
~ on next pag.e 

Section 6 . page 1 
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('Ó) Rotation: Clockwise (cw) from shaflside 

(irnr = inverte<! channels) IYI 
i36Q•e1 • 1 X 1 

channel A 17 r,-i ,7 

channel A-inv ~

1 channel B ~ 
channel B'-inv ~ : 

channeJ Z H 
(gated with A&B) : :::::::::: 
channel Z -.inv 
(gated with A&B ) 

X = 180'e t :ie•e and Y = go•e t 18'e 
Z pt,ls: Gated Wllh A and B (slmdard) 

Options: Open Collector PN or P P 
Gated Z-pu s or nor>e-1jated Z-pus. 
View mooe Ouq,ut options " section t 5 - p,age 1 

Pulses pr. Rev.: 

Output signa!: 

H.-Shafl: dimens,ons: 

IP-rating: 

Lenglh ot cable: 

Cable ta e out: 

Options 

No. of pt, lses 

TP-Differemial . 6 channel 

Order code 

xxxx 

A. B, Zand A--mv, 8--inv. Z-inv D 

el.5mm 1.5 
e2.0mm 2.0 
03.0mm 3.0 
IW m 

1 P 64 Standard 

Standard t me e< 
No. of meters 

Side 
Back 

ö4 

0 1 
XX 

s 
B 

Anti rotation spring ecu ing 
Or Flange I Plate: Vi w Section 9 page I to 6 

Flat Ribbon Cable + IOC. Vi w Section :?O p,age 10 

8 leads cable 
Coloc- code Oiffe-rential 

Pm~ Ch A 
Grev O,Ainv 

Green Ch B 
Yellow Ch B inv 
White Ch Z 
Srcwn C,, Zinv 
Red Vee 
Siue 0-Volt 

100 
125 

300 500 2000 
360 1024 2500 

~ 1: m o.2 1 9..J 

q 

3600 
5000 

Options Ot-der-ing code-s 

Normal Open Coli& or NPN 
Differential Open Collector NPN 

Nonna! Open Coll&tor PNP 
Di erential Open collector PNP 

ON 
DON 

NOP 
DOP 

To order replace O with [JQ[J 
OUlp.JtSl~al 

, Torsionaly süf spring coupling 
max_ movement ax 1=±0. 1 
max_ movement radial=±0.05 

N 
o_ 

) 'il - - When using motors wiih axial play. e<icode< 
7 31_ should be mounted with motor shall pushed 

- as far as possrt>le 1nto the hollow shaft. wh 

Waming: M 1,4(hex. key 1,27mm)Max. a,que SNcm 

2MCH I SIOIOIOI 
Pulses 

[Q] 
Oulpt,t 
signail 

TLF. +46 48 17 27 0 2 · FAX •46 48 17 2:2 8 ,4 
1nr~oanoon .. dk w ww.~odnoon.dk 

[fil] [illJ 
Shall IP-

rating 

[IJ 
Leng1hof 

rol.Wld cable 

Section 6 - page 2 

supplying the back cover of the e<icode< wiih 
~igt,t pressure. when tightening the föcing damp. 

Remark: 
Shon cucu,t proteciion I reverse polarity protection 

□ Ga.bie 
take out 

1 1 1 1 
Anti Roiabon Sp,ing Coopling 

Or Flange / Plate Order Ncrnber 

Eng. R~ 001 
Fto - .!ll:17 
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A4 button brushless Maxon motor 

1 

54 

EC 20 flat 0 20 mm, brushless, 3 Watt 

- Stock program 
c=]Standard program 

Spodal program (on roquost) 

Motor Data 
V■lue1 at nomlnal voltage , 
Nomln8I ""'"'ge 

2 No klad spoed 
3 No load current 
4 Nomina! speed 

V 
1pm 
mA 
1pm 

5 Nomina! to,que (max. oontinuous torquo) mNm 
6 Nomina! curront (max. conlinlJOUS current) A 
1 Stal l torquo mNm 
8 Sta,t1ng o.ment A 
9 Max. efficiency % 

Chaf"aclerisllc-1 
10 Terminal reslstanoe pha.se to phase 12 
Il Tormrnal 1nductance phaso to phasa mH 
12 T0tque oonstant mNm/ A 
13 Speed constant rpm/ V 
14 Speed/to,quti,adlern rpm /mNm 
15 Mochanical lJmo constant ms 
16 Rotor lnertla gcm' 

Speclflcatlons 

A with hall sensors B sensorless 

i ,8 -tJ 

6,0 9,0 12.0 24.0 
8960 9630 9370 9310 
62,5 « ,9 33.1 16 ,2 
3160 423() 3530 '.3840 
3.07 3.01 3. 18 3.67 

0.548 0 .470 0.292 0.163 
5,29 6.04 5,87 7.12 

0.900 0 .957 0.503 0,309 
55 82 56 60 

6.61 9.40 23,9 11.1 
0 .639 1.30 2.35 9 .80 
5,66 6,40 11 ,3 23 
1820 t 140 847 41 4 
1840 1270 1790 1400 
74 , 1 51 .2 72. 1 56.2 
3.84 3,84 3,84 3 ,84 

Operatlng Range Comments 

17 ~;::i1! ~ ehoosiro-ambient 15.3K / W n (rpmJ - Contln-,e _,atfon 
In observa.tlon of above liJted thermal res stance 
(Unes 17 and 18) the maximum permtUJble winding 
tamperature wil! be reached durlng contlnuous 
operatlon at 25•c amblent. 

18 The, mal reSIStanc:8 windino-hoos,ng 7 5 K / W 
19 Thermal time constant wmdlng 3.28 s 
20 Tho,mal time constant motor 25,4 s 
21 Ambicnt ten,,erature -40 ,, . +l OO"C 
22 Max. permissible winding 1empera1ure . 12s•c 

Mechanica! data (preloaded ball bearings) 
23 Max, permisslble speed 15000 rpm 
24 AxiaJ play at axlal loao < 2.0 N O mm 

>2.0 N 0. I "mm 
25 Radia l play 
26 Max. axla l laad (ctynamic) 
27 Max. lorco loc- pross lits (statie) 

(sratlc, shatt supportod) 
28 Max. radial loadlng. 5 mm lrom l lango 

proloadod 
t .8 N 
IO N 

200 N 
1,8N 

Other speclficationa 
29 Numbor ol ~lo pairs 
30 Number of phases 
3 1 Wel{)hl ol mQIO( 

4 
3 

15 g 

Values lislad sn the table are nomina!. 

Connect lon with hall Nn.ars 
Pin 1 4,5 ... 24 voc 
Pin 2 Hall sensor 3 
Pin J Hall sensor 1 
Pin 4 Hall sens0f' 2 
P1nS GNO 
Pin 6 Motor wlflding 3 
Pin 7 Motor winding 2 
Pin 8 Motor Winding l 
Adapter Order numbM' 
SOC p. 299 220300 
Connector Artlc:le nu'T'ber 
AMP 1 ◄87951 - 1 

MOLEX 52207- 1190 
MOLEX 52089-11 10 
Pln 10, desion wltn Hal l seosors: 

N n.aorlHa 
N1Qt0< winding 1 
Motor winchng 2 
Motor winding 3 
J...neu1ral p0(nt 

Order number 
220310 
Artk:I• number 
487951 -4 
52207-0190 
52089-0410 

FPC, 11 pole, pilch 1,0 mm, top contacl style 
Wirlng clagram ror Hal l SOf'\50(S sec pago 29 

192 maxon EC motor 

• Tharmal I it . 

Short tarm operatlon 
The moto, mo.y bo brielly OY8<\oaood (roam;,,g), 

- - A11lgned ~ r1tJng 

1,0 l (AJ 

muon Modular Sptem Overvtew on pa e 16 - 21 

Spur Oearhead 
0 20.3 mm 
o.oe -0.25 Nm 
Page 227 
Planetary GNrhoad 
022mm 
0 .5- 1.0 Nm 
Page 230 ilt 

Aec-ommetMied Electronlca: 
DECS 50/5 Pago 284 

- 20 

Mly 2008 ~ 1 I aub§ect IO change 



B Friction calculations 

B1 q>-part 

The friction in <leep groove ball bearings can be approximated with a constant friction coefficient 
p = 0,0015 [8]. This approximation holds when the following conditions are met: 

nonna! operating conditions 
well lubricated 
P z 0, 1 · C (P = bearing load and C = load capacity) 

Then, the friction torque Tr is given by: 

With: 

d0 = outer bearing diameter 
d; = inner bearing diameter 

T =µ·F -~ 
J 2 

d,,, = d,, +d; 
2 

(8.1) 

(8.2) 

The friction of the two ball bearings that hold the cp-shaft is approximated by using the load F = 5 
N in z direction at the pen (appendix C). Thi s load generales a Ioad on the front bearing F2 = 12 N 
and on the back bearing F 1 = 7 N. The front bearing is a SKF 69102 (d; = 15 mm, d,, = 28 mm, w 
= 7 mm) and the back bearing is a SKF 69101 (d; = 12 mm, d0 = 24 mm, w = 6 mm). 

T1_Jr,,,,, = 2 · I 0-4 Nm 

T (./Jwk = 1-10-4 Nm 

55 



B2 w-part 

The only difference in the \j/ part is the different load on the bearings. With the same z load of 5 
N, F, = 6 N and F2 = 1 N. This leads toa friction torque of: 

⇒ T1 .J,.,,,,, = 1 · 10--4 Nm 

⇒ T f.bwk = 1-10-5 Nm 

B3 Z-friction 

The friction in z is created by the 2 rotation/translation bearings, the 3 ball grooves, rack guiding, 
gear meshing, motor bearings and encoder. 
The rotation/translation bearing friction is modeled by: 

FJ_,,.,,.,,, = µ . F (B.3) 

With the values used at the 0 fri ction for the bearings : 

⇒ Ff _,,., ,.,,, =0, IN 

The groove friction is measured to be 0,05 N. 

The rack guiding contains 4 deep groove ball bearings, reference number 618 (d; = 1,5 mm, d0 = 4 
mm, w = 1,2 mm). These bearings are loaded by approximately 2 N, caused by the pressure angle 
of the rack pinion transmi ssion. With B. I thi s generates a friction torque, acting in z direction 
according to B.3. With p = 0,0015 : 

⇒ F ( .m ck =8-I0-3 N 

The gear meshing is calculated by 4. 17. 

⇒ Ff.gear = 0, 1 N 

The motor bearing friction is approximated by using two deep groove ball bearings (d; = 3 mm, d0 

= 10 mm, w = 4 mm), loaded in z with 5 N resulting in F1 = 6 N and F2 = 1 N load on the front and 
back bearing (appendix C). With B. l : 

⇒ T1 _,,, = 7 · 10-5 Nm 

The encoder fricti on is given by (appendix A): 

⇒ Tr.,· < 3 -10-3 Nm 
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Measurement of the motor shaft, with encoder mounted on the back leads to a friction torque of: 

B4 9-friction 

The friction in 0 is created by the 2 rotation/translation bearings, z-rollers, gear meshing, motor 
bearings and encoder. 

The rotation/translation bearing friction is modeled by B 1. A light pretension is used, therefore 
µ :::0,002 [14] . The friction is approximated by the maximum load of 10 N in cp and \Jf direction, 

generating a load of F2 = 30 N and F1 = 20 Non the lower and upper bearing. With: 

c/
111 

= 1, 2 · 1 0-2 m 

⇒ T J .tr l m t = 6. 1 o-4 Nm 

The z rollers are 2 deep groove ball bearings, reference number 618 (d; = 1 ,5 mm, c/0 = 4 mm, w = 
1 ,2 mm). These bearings are loaded by 10 N and generate a friction torque according to B.I. For 
each bearing, at its d" this is can be seen as a force working on a radius rz = 7 mm (figure 4.9). 
The z-roller friction is given by: 

⇒ T1 _, _,.,,11"' = 2 · 10-4 Nm 

The gear meshing is calculated by 4.23. 

The motor bearing friction together with the encoder friction is measured to be: 

⇒ Tr.m+e = 7 -10-5 Nm 

BS Button part 

In the button part miniature deep groove ball bearings are used. The two button bearings are 
Brammer XXX (cl; = 1,5 mm, d" = 4 mm, w = 1,2 mm). The bearings in the motor are 
approximated by the same bearings. With the maximum button force of F = 5 N, the maximum 
bearing is loaded with 2 N, giving a maximum bearing friction of: 
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C Stiff ness calculations 
Most stiffness 's are not directly proportional to the applied force. Therefore, one can not always 
speak of ' the stiffness' , only of a ' local stiffness' dF/d8. The continuous forces and torques 
offered to the surgeon 's hand in each direction (table 3.1) are taken as load to determine this local 
stiffness. To make a fair comparison, the stiffness of each part is determined by evaluating the 
di splacement of the surgeons hand due to this load. 
In tableC. I the evaluated stiffness's in their direction of inte rest are stated. Some parts where 
expected to be of no importance of the total stiffness on forehand. For completeness a ll parts of 
the stiffness chain are di scussed, in the order of the table. 

Tab Ie C l: Stiffness haptic pen parts 
Part Material* c, [N/m] k0 [Nm/rad] c,. [N/m] Cw [N/m] 
z- bush rim AIMgSil 2-107 

z-roller SS304 2 -106 

z-roller axle SS304 5 -107 

rack CuZn39Pb3 6 -107 

bal/ groove SSI .4112 4 -102 

0-z bush SSI .3505 4-108 3 · 101 

tooth meshing SS303 1 · 107 4-101 

motor shaft SS304 2 · 106 1-102 

motor hearings SSl.3505 3 · 106 1-103 

motor suspension AIMgSil 3-107 1-104 

1/f shaft SS304 2 · 108 5 -103 7 · 105 2 -108 

<p shaft SS304 5 · 106 5 · 103 5 -106 7 -105 

v1 hearings ss 1.3505 3-106 4-102 1-106 3-106 

<p hearings ss 1.3505 6-105 1 · 106 

1/1 house AIMgSil 3 -105 7 · 101 1-107 2 -107 

<p house AIMgSil 2 · 106 6 -103 2-106 5 · 105 

<p-lfl link AIMgSil 2-107 4 -101 3 -106 5 -106 

rotltr hearing ss 1.3505 7-105 3 · 106 

0-z shaft ss 1.3505 7 · 105 7-105 

* SS = stainless steel 
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All parts are made of aluminum, brass or steel. The Young's moduli for the different steel types 
do not differ much. The following moduli for the 3 materials are used: 

z-bush rim 

E.,11,,,1 =210-109 N / m2 

E"1 = 70 · 10
9 N / m2 

E,,,."'., = 100-10
9 N / m2 

The bush rim is modeled with FEM (finite element method in NX3.0), see figure C.I. 

With: 

Z-rollers 

Figure C. l: z-bush rim 

F=SN 
z =3· I0-7 m 
⇒ c, =1,7 · 107 N/m 

The radial stiffness of the rollers is directly feit in z-direction. It is based on extrapolation of the 
bearing stiffness table [5] with shaft diameter d (figure C.2). 

Figure C.2: z-roller and z-roller axle 
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F=IN 
d = 1,5 · IO-' m 

⇒ c = 2 · 106 N ! m 
' 

Z-roller axle 

The roller axle is modeled as a wire spring, connected to the fixed world (rack) at one end (figure 
C.2). The stiffness in z direction is given by (4.16): 

Rack 

d = 1,5 · 10-.1 m 

I = 1, 6 · 10-.1 m 

⇒ c, =5 · 107 Nlm 

The rack has a variable distance from tooth meshing to roller axle (contact stiffness of tooth 
meshing will be discussed later in this parpagraph). The largest occurring length is considered, 
because this gives the lowest stiffness in z direction, by: 

Bali groove 

EA 
C =-

c I 

A = 2, 4 · 1 o-s m 2 

l = 3 · 10-2 m 

⇒ c_ = 6 · 107 N / m 

(C.I) 

The balt groove consists of 9 balls with radius r in 3 grooves with pitch circle diameter cl,,. Fora 
hardened steel ball pressed on a hardened steel plate with force F the following holds for the 
compression '5 (difference between distance of ball centre to plate before and after deformation): 

s: _ -~ ( F 2 I )½ 
u -3,5-10 /1000· r (C.2) 

Each ball is loaded by: 

(C.3) 

The total torsional stiffness k0 of the 9 bal Is is given by: 

(C.4) 
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Assuming that the Ioad, manufacturing precision of the grooves and roundness of the balls is high 
enough to let all balls be compressed. With: 

T peak = 50 · I o-:i Nm 

dl' =1 ,8 · I0-2 m 

⇒ k0 = 2 -10' Nm/ rad 

ln the worst case scenario only one ball is compressed, the stiffness is then given by: 

k8 =4 · 102 Nm/ rad 

0-z bush 

The z stiffness of a 0-z bush is calculated with (C. I ), where the area A is given by: 

The torsional stiffness given by: 

Tooth meshing 

d,, =3,6 · I0-2 m 

d; = 1, 5 · 10-2 m 

⇒ c, = 4 · 108 N / m 

GI 
k=--1' 

l 

I =.!!_(d 4 -d4
) 

" 32 (J 

1 

G:::O,385-E 

l=l ,5 · 1O- 1m 

⇒ k8 = 3· 103 Nm/ rad 

(C.5) 

(C.6) 

(C.7) 

There are two tooth meshes, for the z translation and for the 0 rotation. Both meshes have almost 
the same geometry (same module m). The tooth bending stiffness and tooth contact stiffness 
together form the total tooth stiffness. The tooth bending is modeled like a leaf spring, loaded 
from the tip(figure C.2). 
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t 

Figure C.2: tooth bending 

The stiffness in z direction is given by: 

Eht3 

C =--, 4/3 

l "'2 · m 
t"'li·m/2 
m=0,3 

h = 1 · I0-3 m 

from [6] 
from [6] 

⇒ c,,n1r1 = 1 · I 08 N / m for each tooth 

(C.8) 

(C.9) 
(C.10) 

The contact stiffness is modeled like the stiffness of a cylinder in contact with a flat plate, both 
made of hardened steel. For thi s contact the following holds [5]: 

With: 

ö = 3, 75 F 0
·
9 

/ (105 
/

0
·
8

) 

F 
c =-

ö 

F=5N 
l = 1 · I0-3 m 

⇒ ccmll =2·10
7 N /m 

The stiffness for two teeth in mesh (according to 4.31) is: 

1 2 I 
-=--+-
c z c"11"J crn,,, 

⇒ c, = 1-107 N / m 
The 0 rotational stiffness is give n by: 

With: 

r=2 · I0-2 m 

⇒ k8 = 4 · 103 Nm / rad 

(C.I 1) 

(C.12) 

(C.13) 

(C.14) 
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Motor shaft 

The motor shaft stiffness is divided in bending and torsion of the shaft. The load case of the 
bending of the shaft is given by figure C.3. The bending of the shaft in zand 0 is divided in two 
parts, the bending of the front end of the shaft and the bending of the shaft between its bearings, 
causing an angular movement of the front end of the shaft (figure C.4). 

a 

F 

a 

F 

b 

Figure C.3: load case of motor shaft 

a 

F, 

b 

Figure C.4: Front end bending (left) and between hearings bending (right) 

The bending stiffness of the front end, ch.f, is given by [9]: 

=0 15 Ed.j 
c".J ' a.1 

The bending stiffness of the shaft between the hearings, c,,,h, is given by: 

where: 

Which gives: 

M =F ·a 

I = ..!!_d 4 

64 

z =/J·a 

F 
Cl, .h =

z 

(C.15) 

(C.16) 

(C.17) 

(C.18) 

(C.19) 

(C.2O) 

These bending stiffnesses can be transformed to torsional stiffnesses (in 0), given by C.14, where 
r = 5, 7 ' 1 o-.] m . 
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The torsional stiffness is given by C.6, where: 

(C.21) 

This torsional stiffness can be transformed toa translational stiffness (in z), also given by C.14 

wi th r = 2 · 10-2 m . 

The all these stiffnesses added up for the 0 and z direction separately according to equation 4.37 
on p.41 gi ves: 

F=5N 

a = 5 -10-3 m 

b = 5-10-2 m 

d =3· I0-3 m 

b 
l=a+-

2 

⇒ c 
O 
= 2 · 106 N / m 

⇒ k0 = 8 · 102 Nm I rad 
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Bearing stiff ness 

In figure 4.4 on p.17 a simplified version of figure C.3 is shown. The radial stiffness of the 
bearings is represented by two springs, with stiffness c, and c2. The substitute stiffness, c.,, is the 
stiffness feit at the position of force F, given by: 

With: 

Motor suspension 

F 
c =

s z, 

a a +b 
z1 =- z

1 
+--z2 · b b 

F. 
Z1 = ___!_ 

C1 

F, z, =--
- C 2 

c1 = c2 = 4 · 106 N / m 

⇒ c: = 3, 3 · 106 N / m 

⇒ k0 = 1,3 · IO' Nm/ rad (according to C.14) 

The suspension is modeled with FEM (figure C.6). The stiffness in z is given by: 

F=2,5N 

z = 2 · 10-7 m 
⇒ c: = 2,5 · 107 N / m 

(C.22) 

(C.23) 

(C.24) 

(C.25) 

(C.26) 

(C.27) 

(C.28) 

(C.29) 

(C.30) 

In 0 the suspension stiffness is approximately the same. Converted to torsional stiffness by C.14: 

r = 2 · 10-2 m 

⇒ k0 = 1 · 104 Nm/ rad 
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Figure C.6: motor suspension 

\j/-shaft 

The stiffness of the \j/-shaft is determined by the bending of the shaft between the bearings and 
the torsion of the shaft. The bending of the front end of the shaft is neglected. The stiffnesses in 
<p , 0 and z direction are determined by a load on the shaft causing only bending, while in \j/ 
directions also torsion of the shaft occurs, causing a lower stiffness. 

Bending stiffness in <p, \jl and z is determined by C.16: 

Bending stiffness in 0 is determined by: 

where M is gi ven by C. 15. 

F=SN 

Cl = 1, 2 · f0-2 m 

b = 4, 2 · 10-2 m 

d = 1, 2 · I0-2 m 

⇒ c"'10 =1 ,8· 108 N/m 

k=M 
B /J 

⇒ k8 = 5 -103 Nm/ rad 

(C.31) 

(C.32) 

Tors ion is the limiting stiffness in \j/ direction and determined by C.3 and C.4. With C. 14 the 
torsional stiffness is transformed to linear stiffness with: 

r=l,5 - l0- 1m 

⇒ crp = 7 · 105 N / m 
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<p-shaft 

The cp-shaft stiffness is analogue to the \j/-shaft, only cp and \Jf are switched and the parameters a 
and b are changed in: 

w-bearings 

a =5,6-10-' m 

b= 3,9· 10-2 m 

⇒ crp,, =5 · 106 N /m 

⇒ k0 =5· 103 Nm/ rad 

⇒ cf/1 = 7 · 105 N / m 

The \j/-bearing stiffness in \Jf and z direction is determined by 4.6, 4.7, 4.8 and 4.9, with: 

a=20° 
d

111 
= 20 · I o-:i m 

a = 12 · 10-' m 

b =42 - I0-3 m 

c1 = c2 = 6 · 1 06 N / m 

⇒ cf/1 , c =3 · 106 N /m 

For the 0 direction, the torsional stiffness is determined by C.14 with: 

r=a 
⇒ k0 = 4 · I 02 Nm/ rad 
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In cp direction also the axial stiffness of the bearings has intluence on the total stiffness and from 
[5] this is: 

c . = 2 · I 06 N / m m:wl 

⇒ c'P = l · 106 N / m 

<p-bearings 

The cp bearings stiffness is analogue to the cp bearings, only cp and \j/ are switched and a and bare 
changed: 

\j/-house 

a =56· l0-3 m 

b =39 -l0-3 m 

⇒ ctp1 , =6 -l05 N /m 

⇒ cl// = 1 · 106 N / m 

⇒ k0 = 2,5 -103 Nm I rad 

The \j/ house is modeled with FEM (figure C.7). In the front view the positions is shown where 
the housing is fixed. 

J_ 
F 

"t 

'~~ 
Figure C.7: <? house cross section and front view 

The forces F, and F2 are calculated by C.24 and C.25. This gives stiffness in z: 

F=5N 
z = 1-10-7 m 
⇒ c, =2,5 - l07 Nlm 

In \j/ direction the bearing load is of the same magnitude, only the direction is changed leading to: 

z =3 · I0-7 m 
⇒ cl// =2·107 N/m 
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In cp direction the same stiffness as in z direction occurs, only the 'feit' stiffness at the surgeons 
hand is factor bil smaller. 

The 0 stiffness is determined by C.14: 

q>-house 

b=42· I0-3 m 

l=l,5·10- 1 m 

⇒ c'P=l·l07 Nlm 

r=a 
a = 12 · IO-·' m 

⇒ k8 = 7 · 103 Nm/ rad 

The cp house and fixed world are loaded similar to the 'I' house (figure C.7). The difference is in 
boundary conditions. It is modeled with FEM (figure C.8). 

Figure C.8: q> house cross section 

The z stiffness of the cp house is given by: 

F=SN 

z = 2· 10-6 m 

⇒ c _ = 2 · 106 N / m 

In cp direction the bearing loads have the same magnitude and z is the same, only the direction is 
changed. 

⇒ c'P = 2 · 106 N / m 
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In \j/ direction the same stiffness as in z direction occurs, only the stiffness at the surgeons hand is 
factor bil smalle r. 

b=39 · I0-3m 

l = 1,5· 10-1m 

⇒ cl/l = 5 · 105 N / m 

The 0 stiffness is dete rmined by C.14 with: 

r=a 

a =56 · I0-3 m 

⇒ k9 = 6 · 103 Nm/ rad 

q>-\j/-link 

The cp-\jf link is modeled with FEM. An body which has significantly higher stiffness than the 
link, is added to apply the forces on the link (figure C.9). 

Figure C.9: (f)-\j/ link 

The z stiffness of the cp-\jf-link is given by: 

F=5N 

z = 3 -10-7 m 
⇒ c_ = 2 · 107 N / m 

In \j/ direction the same stiffness as in z direction occurs, only the stiffness at the surgeons hand is 
factor bil smaller. 

b =35· 1O-3 m 

l = 1,5· 10- 1m 

⇒ cl/l = 5 -106 N / m 
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In <p direction a moment about <p is applied at the same position of the force. This results in a 
displacement at the surgeons hand. The stiffness is calculated with: 

M =F · r=5·0,15=0,75Nm 

z = 1, 7- I0-6 m 

⇒ crp = 3-106 N / m 

The 0 stiffness is approxirnated by C.14 using c,p: 

r=b 

⇒ k0 = 3, 7 · 103 Nm/ rad 

Rotation/translation hearings 

The 0-z bearing stiffness is feit in <p and 'V direction. The stiffness of the bushes is approximated 
by comparing the statie load capacity of the bushes with that of a <leep groove ball bearing. A ball 
bearing with d;" = 5 mm matches with each bush. The stiffness of each bush is determined by [5]. 
The substitute stiffness in <pand 'V is given by C.26, and calculated in 4.2.3. 

0-z axle 

The bending stiffness of the 0-z axle is feit in <pand 'V direction and given by: 

where / is given by C.6. With: 

72 

72 El 
c=--

5 11 

f = 1,5· 10-1 m 

d,, = 1 · 10-2 m 

d; =7 · 10-' m 

⇒ crpt (!I = 7 · 105 N / m 

(C.33) 



D Cable wrapping 
In figure D. I a cross section of a tlat tlexible cable (FFC) segment with three conductors is 
shown. 

p w, 

copper polytheen 

Figure Dl: cross section flexible flat cable 

Dl q> and 'Il cable wrapping 

To keep the total width within 25 mm for compactness, two cables with together 66 conductors 
are necessary for connection of the motors and encoders of the button, 0-z and '!' part. The two 
cables will be wound up like a spiral , shown in figure D.2. 

---............___,, 

-------

Figure D.2: spiral spring 

The cables are modeled like a spiral spring where its torque is given by: 

T = a • wt
3
E 

121,. 
(D. I) 
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The length of the cable (U is determined empirically, together with the number of windings (n). 
The cable is wind up around the encoder (r, = 12 mm) and within the cable cover (re = 25 mm). 
With the total stroke of a = ±90° the cable should not touch the encoder or cover, giving: 

l,. =0, 3m 

n=2 

The cables consist of two different material s with different Young's moduli E. The total torque is 
approximated by determining the torques for each material separately. For the copper part the 
following sizes are taken: 

while 

And for the polytheen part: 

while 

W = 66 · W1 = 66 · 3 · 10-4 = 20 · 10-J m , 

t = t1 = l • 10-4 m , 

E,.,,,,,,,,. = 120-109 N / m2 

w = 66 · p = 66 · 5 · 1 0---1 = 3 · 10-2 m , 

l = t2 = 3 · 10-4 m , 

E,,,,1_whm1=0,5· 109 N / m2 

The maximum disturbance torques the cable generales is given by: 

⇒ T,.,,,,,,,,. = 1 · 10-1 Nm 

⇒ T,,,,1_re11tw, = 2. 1 o-4 Nm 

⇒ T,.,,,,,, = 1·10-1 Nm 

At the hand of the surgeon at distance 1 = 150 mm, this gi ves: 

The cycle life of a FFC is given in figure D.3 [ 11 ]. 

0 ' 

0 Jl 

0 l 

t 0,035 mm 
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0 l 

0 11 

0 1 

0 o, 

0 
1 000 

t 0,05 mm ~ 

t 0,1 mm ~ 

10000 100000 1000000 10 000.000 

Figure D.3: cycle life in relation to the bending radius. 

(D.2) 



From figure D.3 it can be seen that the cycle life for an FFC with bending radius r" = 12mm is 

over 106 cycles for all cable thicknesses. This will be enough. 

D2 9-z cable wrapping 

The cab Ie for the connection of the button motor and encoder has a width of 10 mm and has 10 
conductors. The cable is coiled in a si mi lar way the <pand 'I' cables are and the 0 movement of the 
cable is also si milar to the <p and 'I' movement. lts minimum bending radius is determined by the 
tube with r; = 5 mm and its maximum radius is deterrnined by the 0-z block, with r ,, = 13 mm 

(figure D.4). With the total stroke of a = ±175° the cable should not touch the encoder or cover, 
giving: 

(. =9 · I0-2 m 

n=3 

In 0 this gi ves a maximum disturbance force with (D 1 ): 

For the copper part : 

For the polyetheen part: 

Together gives: 

w = 10 · w1 = 10 · 3 · 10-4 = 3 • I0-3 m 

t = t = 1 · 10-4 m 
1 

w = 10 · p = 10 · 5 · 10-4 = 5 · I0-3 m 

t = t = 3 · 10-4 m 
2 

⇒ T,.<1bf,,J) = ' . 'o-3 Nm 

A z-movement is added to the spiral spring. In the z direction the spring acts like a buffer spring 
(figure D.4). 

h 

+z 0 
)) 

Figure D.4: z cable movement (tube and 6-z block aangeven) 
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Again, the total force is approximated by determining the force for each material separately. The 
disturbance force in z direction is given by [12]: 

2 · k · w · t 4 
· G 

F - t · z 
rnble. z - [ ( , 2) r- + r 

/' " 1 

where k is a constant depending on h/b, G is the shear modulus and is approximated by: 

With: 

G =0,385· E 

k = 0,333 

r; = 2, 5 . 10-3 m 

r,, =6,5· 10-3 m 

(. =9 · I0-2 m 

z =±7,5 · I0-3 m 

⇒ F. -e1h!P. c = 0, 1 N 

(D.3) 

From figure D.3 the cycle life for the 0-z cable is approximately 1000 cycles. [n this table one 
cycle means full bending and full unbending. However, in thi s case , full unbending will not take 
place, leading toa lower stress variation in the cable, leading toa higher cycle life. The cycle life 
will probably be enough. 
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E Tooth strength calculations 
The tooth strength calculation comes from [ 13). 

The load capacity of the gear is based on AGMA 2001-B88 and the following assumptions have 
been made: 

the gears are simply supported in rolling element bearings 
pin ion revolutions > 107 

gears are grease lubricated 
reliability of I failure in 100 is acceptable 

The basic load capacity (Fb) of a pair of spur gears is defined as the maximum tangential force at 
which they can operate indefinitely. Fb has two values: one calculated from tooth root strength, 
(Fh,), and one for tooth flank pitting (Fb,..). 

With: 

F,, = l77,7 ·0· w1 ·m· K ·U, 

F,,, = 14, 64 · N · L · w1 · m · K · U" 

K- 84 ( l
0.-1 

- 84+..}200v, 

rpm · Jr · N ·m 
V =-----
, 60000 

N = number of teeth 
0 = geometry factor, strength 
L = geometry factor, wear 
w1 = face width of small est gear 
m = module 
K = dynamic factor 
v, = pitch line velocity 
V., = material strength modification factor 
V .,. = material wear modification factor 

Both calculations should be made and the lower value used. 

(E.I) 

(E.2) 

(E.3) 

(E.4) 
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El Z-drive 

In the rack and pinion transmission, the pinion is the weakest link: 

78 

N = 38 teeth 
w1 = 1,5 mm 
m=0,3 
rpm = 60 revolutions per minute (z move of approximately I Hz) 
0 = 0,42 (figure E. 1 A, rack is modeled like gear with 103 teeth) 
L = 0, 12 (figure E. I B, rack is modeled like gear with 103 teeth) 
U., = 0,43 (table E. I) 
u ... = 0, 15 (table E. I) 

⇒ F,, = 14N 

⇒ F,". =4,5N 

Geometry factor, Strength (0 ), 20" spur 

o.,oo 

-' 
0. 140 

~ 0.13> 

i':- 0.100 

1 0.080 
(!) 

15 17 30 35 40 45 50 IIO 80 125 215 1000 0.060 

Numt>e< of 100111 in gear b< whlch geomeuy factor Is desred 

Figure E.lA: geometry factor J 

Geometry factor, Wear (1.), 20" spur 

-
1 1 

- e dnve 
L---.,_,.- -

~ 0-----
f;,, -

z d nve -

---
---.--

ND=50 orn-. 

N,: 30 

Np=H 

N0= H5 

N,= Nunt:l•al 
tNlh in thl ~en. 

1 2 l ~ 5 6 7 8 Q !O 

"""' 
Figure E.1B: geometry factor I 

Table E.l Gear material modification factors 

Material Speclflcatlon Strens,th Wur 

Hardened Stainless steel 17-4PH 1.00 1.00 
Stainless steel 303S31 0.43 0.15 
Stainless steel 316S31 0.47 0.20 

Aluminium alby l168 0.37 0.10 
Brass CZ121 0.35 0.13 



E2 0-drive 

Again, the pinion is the weakest link. The only difference with the z pinion calculation is the 
geometry factor for wear (L = 0, 135) and strength (J = 0,44 ), see figure E. 1. 

⇒ F, , = 15N 

⇒ F,11 =5N 

With r,, = 5, 7 • 10-3 m, this gives: 

⇒ T, , =8,6 -10-2 Nm 

⇒ T,
11 

= 2,9 -10-2 Nm 

79 



F Angular button acceleration 
The button acceleration is based on one full press and release in I s; a I Hz movement. 
A schematic view of the buttond is shown in figure F. I. 

F 

s 

Figure F.l: button pressing 

The angular acceleration of the button can be determined by : 

With: 

80 

a ""tan -1 [ smax ) 
rnax 

r,, 

a( t) = ½amax sin ( 21rft) 

.. 1 (2 f )2 a --a 1r rnax 
2 

max 

freq = IHz 

s =5 · I0-3 m 

r,, =2 · I0-2 m 

⇒ ämax = 0, 67 rad I s2 

(F. I) 

(F.2) 

(F.3) 



List of symbols 

Symbol Description Unit 

a angle rad or 0 

a angular velocity rad/s 
ä angular acce leration rad/s2 

/J angle rad or 0 

ö cornpression rn 

17 efficiency 

0 angle rad or 0 

p density kg/rn3 

(J" stress N/rn2 

µ friction coefficient 

<p angle rad or 0 

1/f angle rad or 0 

w,, eigen-frequency Hz 
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Symbol Description Unit 

a distance m 
A area m2 

b distance m 
C stiffness N/m2 

Co laad capacity N 
Cpt counts per turn 
d diameter m 
E modulus of elasticity N/m2 

f deflection m 
F force N 
0 gravity constant rn/s2 
e, 

G shear modulus N/m2 

h height m 
ratio 

I second moment of area m4 

J inertia kgm2 

k rotational sti ffness Nm/rad 
K dynamic gear factor 
1 length m 
L geometry gear factor 
m mass kg 
m module m 
M moment Nm 
n amount 
0 geometry gear factor 
p pitch m 
p laad N 
Q motor characteristic kg/N 
r radius m 
rpm revolutions per minute 
R resolution m 
s distance m 
Sv p lay m 
t th ickness m 
T torque Nm 
u gear material factor 
V velocity mis 
w width m 
w friction force N 
X position m 
y position m 
z position m 
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