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Summary 
Design and Realization of a Master-Slave 
System for Reconstructive Microsurgery 
 
In this thesis a novel robotic system is proposed, able to assist during reconstructive surgery 
procedures involving microsurgical techniques, which are becoming more and more common. 
The number of surgeons capable of performing such techniques manually is limited, causing 
long waiting lists, as is the case for DIEP breast reconstruction. The demand for 
reconstructive surgery is expected to increase, whereas the capacity of microsurgeons will 
remain inadequate.  

The proposed robotic solution is based on maintaining work methods and infrastructure in the 
operating room (OR). An extensive analysis of these conventional methodologies is combined 
with a review of currently available alternative solutions. This has led to the design of a new 
master-slave system, called the Micro Surgical Robot (MSR).  

Aside from offering improved performance during microsurgery, the MSR design concept is 
focused on safety, ease-of-use, and cost-effectiveness.  

The MSR includes multiple slave manipulators, controlled by an equal number of identical 
master manipulators. The kinematics of the MSR manipulators is based on the anatomy of a 
human hand, with 6DOF for positioning and orientating, and 1DOF for actuating a genuine 
microsurgical instrument held by the slave manipulator. The MSR has been designed 
modular, so that it can be used in different configurations depending on the level of robotic 
assistance required. This ranges from one-handed robotic assistance up to multi-person 
robotic assistance. 

The MSR is able to enhance the surgeon’s physical performance, by offering motion scaling 
and tremor filtration. The design objective is to offer a precision of 30 µm, as opposed to the 
100 µm precision that can be achieved conventionally by expert microsurgeons. 

The MSR design concept has been translated to a proof-of-concept, consisting of two slave 
manipulators, mounted on a suspension ring, and two master manipulators. A number of tests 
have been performed, whereas preliminary results indicate a bidirectional precision at the 
slave end effector of about 70  µm. Through optimization of the control software, a 
bidirectional precision down to 30 40 µm (limited by the mechanical properties of the drive 
trains) can be achieved. 
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Chapter 1  

Introduction 
 

 

 

 

 

 

 

 

 

 

 

1.1 Breast Cancer Incidence and the Role of Reconstructive Surgery 

In the western world, cancer is the main cause of death and one of the most commonly 
diagnosed diseases. Among the female population, breast cancer is found in one in eight 
women. Each year, about 43.000 new cases of cancer are found in women, of which 13.000 
(30 %) diagnoses of breast cancer [1]. These numbers are growing. 

A lot of effort is placed into creating awareness among women, such that breast cancer can be 
diagnosed and treated in an early stage. In the Netherlands, campaigns have been setup (e.g. 
Pink Ribbon, KWF Kankerbestrijding) to encourage women to do regular self examination 
and to participate in government-funded screenings. In some women, breast cancer is a 
hereditary disease which can be diagnosed by the presence of the BRCA1 or BRCA2 gene 
[2]. 

Treatment of breast cancer mostly involves surgical resection of the tumor. If the tumor is 
small, it can be removed while remaining healthy breast tissue is conserved. This is not 
possible if the defect is too large, e.g. when a large part of the breast has been removed, either 
because of the size of the tumor or as a preventive measure. In these cases, the breast can be 
reconstructed. 

Reconstructive surgery is a type of plastic surgery that is focused on restoration of form and 
function of various parts of the body. Of all procedures done in plastic surgery, 85% involves 
reconstructive surgery rather than cosmetic surgery [3]. Reconstructive surgery includes 
restoration of birth defects, hand surgery, maxillofacial surgery, and reconstruction of defects 
after tumor removal. The costs of these procedures are typically covered by health insurance 
companies. 
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Breast reconstruction can be done by prosthesis, or by using autologous tissue. The latter 
option has the advantage for the patient that the breast will feel natural, i.e. it will change with 
the body (changes in temperature, loss or gaining of weight). Several procedures are available 
to reconstruct the breast using autologous tissue, of which the DIEP (Deep Inferior Epigastric 
Perforator, Figure 1.1) flap method is becoming increasingly popular. 

 
 

Figure 1.1 Surgical procedure of a breast reconstruction involving the DIEP flap method: 
1. The breast has been amputated because of breast cancer. 
2. From the abdomen, a piece of skin and fat tissue with corresponding blood supply 

vessels is dissected. 
3. The tissue is transplanted to the chest, where the vessels are reconnected. 
4. A new breast is formed and the wound in the abdomen is closed. 
5. The nipple is reconstructed. 

 
This procedure involves transplantation of skin and fat tissue from the patient’s belly to the 
breast. Supplying vessels and nerves are transplanted along with the tissue, and reconnected at 
the site of the defect, such that the function is fully restored. Because of their size, suturing of 
these vessels and nerves requires microsurgery. The quality of a DIEP procedure is 
substantially dependent on the precision with which the vessels have been reconnected [4]. If 
the blood flow to the tissue is not properly restored, the flap will die. This implies it needs to 
be removed again, leaving a defect at the breast and at the belly. 

 
 

Figure 1.2 Position arrangement of staff and machinery during the anastomosis procedure in DIEP 
surgery. 

 
Breast reconstruction involving the DIEP method is performed by a team of medical 
professionals, including a chief and assistant surgeon, anaesthesiologists, and circulating 
nurses (Figure 1.2). 
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A special set of techniques needs to be learned by already practicing surgeons in order to be 
capable and acknowledged to perform microsurgery. Microsurgical procedures require a 
continuously high degree of concentration, small movements, and a strained body posture. It 
is a relatively strenuous type of surgery that can be physically discomforting the surgeon short 
and long term, making it an unpopular specialization. Ultimately, the precision that can be 
achieved using microsurgical techniques is dependent on the surgeon’s motor skills. This 
means that from a relatively small population of qualified microsurgeons, an even smaller 
number is able to perform the most delicate operations. Microsurgery is not only required for 
DIEP breast reconstruction, but for other reconstructive procedures as well. 

In [5] and [6], the Dutch Society of Plastic Surgeons (NVPC) indicates a trend of expected 
increasing demand for reconstructive surgery, whereas surgical capacity remains insufficient. 
The mismatch in patient demand and surgeon capacity causes waiting lists. 

 

1.2 Outline for the Realization of a MicroSurgical Robot (MSR) 

To address the problem formulated in the previous section, a novel Micro Surgical Robot 
(MSR, see Figure 1.3) is proposed. The primary function of the MSR is to assist surgeons 
during their performance of microsurgical techniques in (parts of) a surgical procedure.  

 
 

Figure 1.3 Overview of the MSR (shaded) in an operating room setup: a master-slave system assisting 
surgeons during performance of microsurgery. 

 
The newly developed MSR is a master-slave system, and physically separates the surgeon 
from the operation site. By including motion scaling and tremor filtration, the surgeon’s motor 
skills are enhanced. As a result, the surgeon capacity is expected to be increased. Surgeons 
formerly unable to perform microsurgery, because of limited skills, or because of aging, will 
continue to be able to operate using the MSR.  
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The number of microsurgery related injuries can be reduced by providing an ergonomically 
better working posture. The increased precision offered by the MSR may decrease the risk 
present in the most delicate microsurgical procedures (supermicrosurgery), making these 
procedures more available. 

Firstly, this thesis provides an analysis of conventional microsurgery, based on a DIEP 
procedure. In particular, conventional microsurgery is broken down into a fixed set of actions 
which need to be performed, each requiring a certain technique. The reasoning and judgment 
behind these actions are not taken into account, as this could best be described by trained 
microsurgeons. 

The scale of movement and corresponding performance during microsurgical techniques are 
limited by the capabilities of the human body. An overview of these capabilities is used to 
pinpoint the most important limitations. These are the limitations in which technological 
advancements are most effective. All other aspects of microsurgical techniques are left 
unchanged. This creates a low entry level solution. 

Technological solutions proposed by other research groups or commercial enterprises have 
found their way into microsurgery, each having its key features and drawbacks. None of these 
have proven to be a viable replacement for conventional microsurgery. Leading 
microsurgeons1 have asked for a new and more dedicated solution, which is able to provide a 
larger benefit to microsurgical procedures, compared to both conventional methods and 
existing technology. 

The solution to develop a new master-slave system for robotic assistance (MSR) proposed in 
this thesis is primarily focused on three key features: safety, ease-of-use, and cost-
effectiveness. The analysis in Chapter 2 is used as a reference to create a set of performance 
requirements for a master-slave manipulator system. 

Chapter 3 describes the modular mechanical design of the MSR, based on these performance 
requirements and the desired key features. First, an overview of the general system 
architecture, containing multiple manipulators, is given. Next, the required kinematic layout 
and subsequent workspace is explained.  

Then, in Chapter 4, the design of a 6DOF serial manipulator is described in more detail, 
divided into a number of subassemblies. Each subassembly is able to perform a single 
function, which can be independently controlled and tested. This increases the level of 
confidence in a correct functioning of the device, thus ultimately contributing to safety of the 
entire system. 

Chapter 4 shows that by using identical subassemblies multiple times throughout the device, a 
manipulator is created that is easy to manufacture, assemble, control, and test. This serves the 
third key feature, reducing costs. 

                                                            
1 From the azM department of plastic and reconstructive surgery 
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The same line of thought is continued in Chapter 5, where the design and implementation of 
the MSR’s electronic circuit is described. A parallel communication network based on the 
EtherCat (external) and eBUS (internal) protocols has been designed.  

Chapter 6 is focused on safety, regarding the relevant European regulations as formulated in 
the Medical Device Directive (93/42/EEC) and the Machinery Directive (2006/42/EC). These 
have been taken into account already in an early design phase, such that a number of safety 
features are inherently included. Additional active safety features are performed by the 
monitoring circuit, containing a number of redundant sensors.  

All of this has led to the realization of a master-slave system, consisting of multiple master 
and slave manipulators. Of these manipulators, six degrees of freedom can be used to position 
and orientate the end effector. The end effector contains an additional degree of freedom, 
which is used to open and close the jaws of a true microsurgical instrument. The performance 
of these degrees of freedom has been tested, with corresponding results given in the final 
section of Chapter 7. 

Chapter 7 describes the manipulator control software and shows the results for a coupled 
master and slave manipulator. Identification of a 2DOF differential module is used to design a 
position controller (local control). This is expanded to a central approach, in which three 
differential modules each perform their local position tracking, whereas a central processor 
calculates the path of the slave end effector given by a reference trajectory from the master 
manipulator. 

The Conclusion of this thesis contains an interpretation of the performance of the realized 
master-slave system, in perspective of what is required to assist during a microsurgical 
procedure (as described in Chapter 2).  
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Chapter 2  

Surgical Robotics and Reconstructive 
Microsurgery 
 

 

 

 

 

 

 

 

2.1 The Top Rung of the Reconstructive Ladder 

The “reconstructive ladder” [7] is a term introduced by plastic surgeons, describing how a 
type of wound should be treated. Surgeons are moving up the reconstructive ladder as wounds 
are more severe and treatment gets more complex (see Figure 2.1). 

While the first three lower rungs of the ladder describe dressing, suturing, or allowing scar 
tissue to close the wound more skill is required as the higher rungs are climbed. When the 
tissue available at the site of the wound is insufficient to generate a quick healing, skin grafts 
are used. A layer of skin is taken from another part of the body and planted onto the wound. 
The skin graft is revascularized by the underlying wound tissue.  

One moves higher up the reconstructive ladder when grafting is not sufficient and flaps need 
to be used. A flap is a mass of tissue partially removed from a donor site, such that it can 
survive on its own blood supply while being moved. Random pattern flaps rely on cutaneous 
vessels. These flaps are usually designed as a square or rectangular slab, containing skin and 
subcutaneous tissue. One side of the flap is left connected to the donor site while the flap is 
moved. Pedicled flaps may contain multiple types of tissue that are fed by a single vein and 
artery. While these vessels are left connected to their origin, the flap is swung to the location 
of the wound.  

If a wound is too large to be closed by local tissue and a pedicled flap is not preferred, the 
surgeon needs to climb to the highest rung of the reconstructive ladder. A free flap is a type of 
pedicled flap, in which the vein and artery are disconnected from the donor site as well. 
Because of their mobility, free flaps can be harvested from and transplanted to any part of the 
body. The vessels that feed the flap are reconnected to same size vessels at the wound site, 
restoring its blood flow. The flap is then used to close the wound. 
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A perforator flap, as used in surgery based on the Deep Inferior Epigastric Perforator (DIEP) 
method, is a type of free flap that contains skin and subcutaneous tissue fed by a perforator 
vessel. These run from one of the deeper-lying major axial vessels outward to the 
subcutaneous tissue, perforating the tissue in between. In DIEP surgery, the flap is harvested 
by dissecting the layer of skin and tissue off the abdominal muscle wall. The perforator vessel 
is isolated by splitting the muscle it passes through, and cut at the required length. The muscle 
remains vascularized and innervated. A more elaborate description of the DIEP flap procedure 
is given in Appendix A. 

Free flaps leave a deficit of tissue at the donor site. The size of the dissected flap is 
determined by what is required at the recipient side, while considering the perfusion 
properties of its supply vessel. Small free flaps come with small and delicate supply vessels, 
which are difficult to connect at the wound site. Larger vessels are generally found deeper in 
the body, creating a larger deficit at the donor site. Vessel diameters of 0.8 up to 2.5 mm are 
generally selected in free flaps for DIEP breast reconstruction. Reconnecting these vessels, or 
microvascular anastomosis, is a microsurgical procedure. Nerves can be reconnected at the 
recipient side as well, restoring sense of touch and temperature. 

 
 

Figure 2.1 The reconstructive ladder: Healing by secondary intent, primary closure, grafting, tissue 
expansion, random flaps, pedicled flaps, and free flaps. 

 
Microvascular anastomosis is the most critical part of free flap transfer, as the quality of the 
anastomosis as well as the time to completion determines the survival rate of the flap. In DIEP 
surgery, the flap needs to be reconnected within 90 minutes. Still, in 5 10 percent of cases 
partial or complete flap loss occurs. Though the patient’s physiology contributes, technical 
error during microvascular anastomosis is the main cause of complications. The fine motor 
skills and long-term concentration required are possessed only by a small number of surgeons. 

Supermicrosurgical techniques are required for reconnecting nerves and vessels of diameter 
0.3 0.8  mm, e.g. in fingertip or facial reconstruction. These techniques are extremely 
difficult to perform manually. 
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2.2 Analysis of Manual Performance during Microsurgery 

During microsurgery a high degree of concentration and physical control are demanded of the 
performing surgeon. Instruments need to be positioned and moved along a trajectory with 
high precision. A microscope offers a magnified stereoscopic top view of the operation site.  

 
 

Figure 2.2 The microscope is positioned above the operation site. 

 
The small field of view created almost exclusively contains the operation site, within a limited 
depth of field. Translating or rotating the microscope with respect to the operation site is 
restricted (Figure 2.2). Any movements outside this range of vision therefore need to be made 
blindly. 

 
2.2.1 Description of Microvascular Anastomosis 

One of the tasks in microsurgery is end-to-end vessel anastomosis. Here, two veins or arteries 
are sutured together end to end, 8 10 times around the circumference. The diameter of such 
veins and arteries is typically between 1.0 and 2.5 mm, with corresponding wall thickness 
between 0.10 and 0.25 mm (Figure 2.3). 

 

 
 

 

 

Figure 2.3 Clamps can be used to align the vessel 
ends during anastomosis.   

Figure 2.4 The intima, media and adventitia in 
a blood vessel. 

 
Vessel walls consist of three layers: the intima, media, and adventitia (see Figure 2.4). The 
intima is the layer directly contacting the blood and should therefore be left intact and 
uncontaminated as much as possible.  
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The media consists mainly of elastic fibers and vascular muscle. Arteries contain significantly 
more muscle tissue than veins, making them thicker and less pliable. The vascular muscle 
regulates blood flow by decreasing the diameter. Vascular spasm is triggered when vessels are 
damaged. The adventitia is the loose elastic outer layer of the vessel. 

Vessels are picked up by the adventitia only, without grabbing the other layers. Specialized 
jeweler’s forceps are required to do this accurately. With microscissors the vessel ends are 
refined and the adventitia is trimmed away from the edges. A vessel dilator is used to stretch 
the vessel wall. By stretching the vessel it is shaped to a tube and vascular muscles are 
temporarily paralyzed. Slight diameter mismatch between vessel ends can thus be 
compensated. After alignment, the vessel ends are sutured together by the media and intima. 
A microsurgical needle holder is used to pass the needle through the vessel wall. 

Needle and wire are always attached and sold in various classes [8]. Microsurgical needle 
diameters lie between 70 and 100 µm, while corresponding suture wire diameters range from 
1.0 to 40 µm. 

The needle’s arc shape allows it to be driven through both vessel ends by rotating the needle 
holder. Key here is that the needle does not damage or catch on the opposing wall from the 
inside of the vessels and that the points of entry and exit are symmetrically aligned along the 
edges (Figure 2.6). The width of the bite, i.e. the distance from where the needle enters or 
exits the vessel to the edge should be about 3 times the needle diameter [9]. 

The needle’s most stable position in the needle holder is at a 90 degree angle to the jaws 
(Figure 2.5). Rotating the needle around its center of curvature is most effectively done by 
rotating the needle holder around its longitudinal axis. 

 

 
 

 

 
 

Figure 2.5 The needle is passed through both 
vessels with a circular motion around 
the needle radius of curvature, while a 
forceps is used to grab the second vessel 
by the adventitia. 

Figure 2.6 The micro needle should penetrate 
at right angles, making an entry and 
exit bite placed equidistant from the 
vessel edges at about  times the 
diameter of the needle. 

 
Each time a suture is put in, a left-hand forceps is used to hold or pull the vessel wall 
perpendicular to the driven needle tip. The outside vessel layer (adventitia) or previously 
applied sutures can be used to manipulate the vessel. A slightly opened forceps can gently be 
pressed inside the vessel wall to offer support while the needle is driven between the jaws 
[17]. Hence, microvascular anastomosis requires left as well as right hand coordination and 
stability. 
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Sutures should be placed with neither tension on the vessel ends nor on the entry or exit holes 
[9]. Since tactile feedback is extremely small, tissue trauma, suture breakage or needle 
buckling is prevented by visually analyzing the shape of the tissue and needle. 

Initial anastomosis is done by applying two stay sutures placed 120 degrees apart, which 
secure the vessel ends relatively. The quality of the anastomosis is determined by the exact 
placement of these stay sutures [9]. The exit and entry points of the second should be placed 
at equal distance from the first stay suture. If this is not done correctly, the rest of the 
anastomosis will likely be unsuccessful.  

The gap between the stay sutures is tied with two equally divided sutures and the vessels are 
turned over. A third stay suture is applied to fix the top of the vessels, after which the 
remaining unconstrained edges are sutured. 

In case of tight operating spaces or short vessel ends, it is impossible to rotate the vessels 
without tension. To get a view of the bottom, these one-way-up procedures require a 
technique involving only one stay suture placed on the far side of the vessels. Two or three 
inside-out sutures are made to secure the bottom edge. Inside-out sutures cannot be done in a 
single pass of the needle; it is passed to and from the left-hand forceps. The anastomosis is 
completed by suturing the remaining edges from bottom to top [9]. 

Microvascular anastomosis is most efficiently done by careful planning of trajectories, rather 
than positioning only. Once an entry bite has been made, the needle should be driven through 
fluently without damaging the intima or tearing the entry hole. 

 
2.2.2  Tying the knot 

Microvascular anastomosis requires 8 10 interrupted sutures. A surgeon’s knot (or friction 
knot) is commonly used to tie fine gauge suture wire. Two consecutive half-knots are made; 
each half-knot is created in four steps. 

1. The long end of the suture is picked up with forceps by the non-dominant hand. 

2. The long end is coiled around the tip of the needle holder in the dominant hand. 

3. The short end is grabbed by the needle holder. 

4. The coil is moved over the short end and the knot is gently tightened by pulling the 
long end. 

After the first half-knot has been tied, the long end of the suture is held on to by the forceps. 
By repeating steps 2 4 the second half-knot can be made. An extra half-knot can provide 
security if necessary. The tightness of the knot is determined during the last step in the second 
half-knot. It should be just tight enough to avoid slipping. Visual cues are used to prevent 
excessive tension in the vessel ends. 
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Nylon monofilament suture wires tend to have a preference shape, while being slippery. This 
complicates handling the wire. The short end may be hidden or stuck to tissue, and coiling the 
long end around the needle holder can be tricky. Fine gauge suture wire is easily crushed or 
broken when handled with excessive force. 

The knot is preferably as small as possible, to minimize foreign body reactions. When a knot 
is completed, the suture ends are cut short. 

 
2.2.3 Microsurgical Equipment 

Microsurgical instruments are designed primarily to provide a tool small enough to accurately 
grab and manipulate tissue. They are relatively long and slender to minimize restriction of the 
surgeon’s field of view [10]. Tool tips are typically no wider than 0.5 mm. Figure 2.7 shows 
some of the most commonly used types of microsurgical instruments.  

 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
Figure 2.7 Clockwise from top left: Straight forceps, curved forceps, microscissors, and needle 

holder. 

 
Hinged at the rear or at the front, all instruments are held and actuated like forceps. Leaf 
springs at the rear preload the instrument jaws to an opened position, such that a tighter grip is 
required when the jaws are closed. Forceps and scissor jaws can be smooth or toothed, needle 
holder jaws are always smooth. 

A common material for microsurgical instruments is high quality stainless steel, which 
provides appropriate stiffness, biocompatibility and can be sterilized. For the latter purpose, 
instruments consist of a minimal number of parts, contain no blind holes, and can easily be 
assembled and disassembled. 

During anastomosis, blood flow through the vessels is (temporarily) interrupted. Small vessels 
are coagulated, while the larger are sealed by metal u-shaped clips applied with a clip 
dispenser. Single use plastic vascular clamps are applied to temporarily cut off blood flow 
through the vessels used to reconnect the free flap. These clamps are handled with a clamp 
applying forceps.  

Sutures used in vascular microsurgery generally consist of a martensitic stainless steel alloy 
needle, laser bonded to a polyamide suture wire. Needle and wire have different strength 
properties depending on suture size (Table 2.1).  
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The needle has a round body, curved along 3/8th of a circle, and a taper point. The wire is a 
non-absorbable monofilament. According to [11], Ethilon suture wire has an ultimate tensile 
strength of 570 MPa. 

The United States Pharmacopeia (USP) and the European Pharmacopeia (Eu. Pharm.) provide 
lists of prescribed standards and limits [12, 13], including knot-pull strength, needle 
attachment force and sterility measures. 

 

Table 2.1: 
Indication of sutures used in microsurgery 
 

Suture Size Needle Diameter1  

[mm] 
Wire Diameter2  

[mm] 
Min. Breaking Force3  

[mN] 

9-0 
10-0 
11-0 
12-0 

0.100 – 0.150 
0.070 – 0.150 
0.070 – 0.100 
0.050 – 0.070 

0.030 – 0.039 
0.020 – 0.029 
0.010 – 0.019 
0.001 – 0.009 

400 
180 
45 

0.45 
 

1 Needle dimensions vary with manufacturer and different needle-wire combinations are available. 
2 According to USP and Eu. Pharm. designations. 
3 Based on minimal diameter and UTS of 570 MPa. 

 
 

2.2.4 Hand Grip and Posture 

Controlled instrument handling is most effectively achieved when the body is in a 
comfortable position, i.e. a minimal amount of muscle activity is required to maintain that 
position. The surgeon is seated in front of the operation site. The sitting position determines 
the ability to hold the upper body still, which determines the stability of the arms and head. 
The body should be in a perfectly balanced sitting position that can be maintained for long 
periods of time. It is vital that the head and eyes are kept still [9]. The images formed by the 
stereoscopic microscope’s exit pupils have typical diameters of 2.0 mm at their narrowest 
point. These images must be caught by the surgeon’s eyes, having a typical pupil diameter of 
3.0 mm. Any excessive movement of the head or inclination of the line of sight away from 
the optical axis of the eyepieces will result in loss of sight. The position of the arms directly 
affects instrument precision. Hence, the upper body and arms are best kept in a state of rest; 
neither leaning forward or backward, nor being supported by the elbows [14]. 

Precision is greatest when the forearms are rested at a 45 degree angle in front of the body. 
The instruments are held in an external precision grip, pinched between the tips of the index 
and middle finger and the thumb. The rear of the instrument rests on the first joint of the index 
finger. The weight of the hand is supported by its side (Figure 2.8). The instrument is at an 
angle to the operation plane, between	30 and 60 degrees. 

Coarse movements, such as used in knot tying, are done by using the three rotational degrees 
of freedom of the wrist. Higher accuracy is achieved when the base of the hand is held steady, 
and only the fingers are moved.  
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The thumb, index and middle finger form a parallel mechanism, allowing short translations 
and angular corrections. The tips of the thumb and fingers are used to roll and actuate the 
instrument. 

The total range of motion is a segment of a sphere, centered at the wrist. The hand is placed 
near the operation site, such that the anastomosis can be done without adjusting the wrist 
position. In neutral hand position, this segment has a vertical and horizontal boundary of 30 
degrees. Additionally, the forearm can be rotated along its length, giving the instrument an 
additional 45 degree range of motion. The thickness of the segment is determined by the 
range of motion of the fingers holding the instrument, 30  mm. The optimal line of 
movement is in the plane perpendicular to the forearm, involving rotation of the wrist only 
(see Figure 2.9).  

When using instruments in the left and right hand, both workspace segments overlap in the 
operation site. Optimal accuracy within the workspace is achieved when the muscles in the 
hand, wrist and forearm are relaxed most, i.e. in the neutral position. 

Different hand positions are required when access to the operation site is restricted. A 
backhanded grip or flexed wrist may be necessary. Skill is required to retain precision and 
control during inefficient movements.  

 

 
 
 

 

Figure 2.8 Precision grip of a microsurgical 
needle holder. The weight of the 
hand is supported by the wrist, 
ring and little finger. 

Figure 2.9 The optimal line of movement is in 
the plane perpendicular to the 
forearm. 

 
Physiological tremor (PT) is present in all human beings and in all muscles. The mechanisms 
and causes of PT have been studied extensively, e.g. by [15] and [16], the main cause being 
the eigenfrequencies of the actuated limbs. While performing microvascular anastomosis, it is 
vital that the instruments in both hands are steadily controlled. To reduce tremor at the 
instrument tip, the index and middle fingers should preferably hold the instrument as close to 
the tip as possible. By finding support from the ring and little finger and the surface below, 
tremor at the instrument is damped. Any situation demanding an increased undamped 
instrument or gripping length will result in higher tremor amplitude. 
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2.2.5 Feedback during Microvascular Anastomosis 

During microvascular anastomosis, the microscope is focused and zoomed in on the vessels in 
the operation site. Magnification is required to provide high resolution images, yet leads to 
smaller field of view and depth of field. For accurate movements, a total magnification of 
20  is used, producing a field diameter of 20 mm and depth of field of about 5 mm. Objects 
outside this volume are either invisible or out of focus. When a larger range of vision is 
required, such as during knot tying, the microscope is adjusted to a lower magnification.  

Lighting conditions are essential when using a microscope. While lighting intensity and 
direction can be adjusted, reflection by tissue and instruments is common in reconstructive 
microsurgery [17]. Sutures and instruments can have dark coatings or matte surfaces. Strips of 
colored plastic can be placed behind vessels to increase contrast, and excess fluids are washed 
or drained away to avoid reflection. 

A high magnification image of the operation site is used to compare relative distances and 
shapes. This includes judging the diameter match between vessels, the spacing of the sutures, 
and the tension applied to tissue, needle, and knots. Therefore, the quality of visual feedback 
and the way this is processed by the surgeon largely determines the potency of microvascular 
anastomosis. 

 

 
 
 

Figure 2.10 
 

A top view of the operation site at 20x magnification, showing the jaws of a set of forceps 
and needle holder manipulating a suture wire. A colored plastic sheet (shaded) is placed 
underneath the vessels to provide better visibility. 

 
Following Weber’s Law [18] the just noticeable difference ∆  is proportional to the original 
or relative stimulus value, . The Weber Fraction ∆ /  is a measure for how accurately a 
person can detect a difference between two or more stimuli.  
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For analyzing distances, the Weber fraction is mainly dependent on an observer’s trained eye 
and on visual conditions. Viewing perspective and the relative orientation of objects can 
influence perceived distances. The presence of reference objects, i.e. objects with a known 
and fixed position or geometry, can aid judgment.  For observations of moving objects,  
becomes a function of relative velocity. Motion can be induced by patient breathing, by vessel 
spasms or by physiological tremor.  

Levi et al. [19] have researched the ability of the human eye to detect two-dimensional 
disorder in linear and circular patterns. They found that the threshold for variations can be 
described by Weber fractions. For points on a line this fraction is a function of viewing 
distance, i.e. viewing angle between points. Assuming a viewing angle of 1 degree between 
points, the Weber fraction for circular patterns is equal to 0.05.  

For anastomosis of a pair of ∅1.0 mm vessels using 8 interrupted sutures, equal spacing 
would imply a tangential distance of 0.39 mm between sutures. The axial distance between 
the needle entry or exit bite and the vessel edge is given by three times the needle diameter. 
For a 9-0 suture, this distance is 0.30 mm (see Table 2.1).  

Under ideal viewing conditions, using a Weber fraction of 0.05, the minimum perceivable 
position error of 9-0 suture needle target points is 20 µm tangentially and 15 µm axially.  

The entry and exit bites are positioned as depicted in Figure 2.10.  Due to the top perspective 
created by the microscope, it is not possible to view all target points at the same time. By 
carefully manipulating the vessel walls, hidden target points can be flipped into view. Judging 
the spacing between the points requires a clear three-dimensional image. 

 

 
Table 2.2: 
Description of different interfaces in the force loop between surgeon and patient. 
 

Interface Purpose DOF 
 

Magnitude 

Patient – Surgeon 
 

Wrist position,  
tremor reduction 

 

6 1.0	– 	10.0 N 

Surgeon – Instrument 
 

Instrument Actuation 1 3.0 N 

Instrument – Instrument 
 
 

Suture needle and wire 
manipulation 

3 0.4 N 

Instrument – Tissue Tissue manipulation, needle 
penetration 

3 	0.01 N 

 
Tactile feedback during microvascular anastomosis can be obtained from four different 
interfaces (Figure 2.11). These interfaces are serially linked, and are part of the force loop 
between the surgeon’s hand and the operation site. Different ranges of forces can be felt at 
these interfaces, in different numbers of degrees of freedom (see Table 2.2). 
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During a DIEP procedure, microvascular anastomosis is performed with the surgeon’s hands 
and forearms resting on the patient’s chest. This enables the surgeon to control the distance 
between wrists and operation site. The effect of outside disturbances such as patient breathing, 
uncontrolled movement of the patient’s or surgeon’s body, can be reduced by the forces felt in 
this interface. Regarding the contact stiffness, the hands are best placed as close to the 
operation site as possible, using the finger tips to add extra support points, and pressing down 
slightly to preload the contact. 

A gloved hand holds and actuates the instrument. A fully closed instrument requires a force 
up to 3.0 N, which is felt at the finger tips and the muscles controlling the fingers. Higher 
forces can be achieved by deforming the object in the instrument’s jaws.  

A microsurgical needle, a piece of suture wire, or tissue, is grabbed by the instrument jaws. 
The force felt at the finger tips depends on the transmission ratio between the jaws and the 
handles. A needle holder and microscissors have a higher ratio than the jeweler’s forceps, as 
suits their purpose. The grabbing force is superimposed on the instrument actuation force, and 
generally is a small fraction thereof. This is because the tools are closed against a spring force 
to allow tool handling. 

When pulling a piece of suture wire, e.g. when tying a knot, a tensile force can be felt along a 
single vector. Lateral forces and moments on the suture wire are negligible.  

 
 

Figure 2.11 During microvascular anastomosis, the force loop between the wrist and the operation 
site passes through four different interfaces: (A) Patient – Surgeon, (B) Surgeon – 
Instrument, (C) Instrument – Needle, (D) Needle – Vein. 

 
Similarly, the microneedle has a relatively high axial stiffness and low stiffness in all other 
directions. Since the needle is curved, the surgeon has to be careful to avoid buckling by 
loading the needle only axially. When passing a needle through tissue, the sharp tip of the 
needle allows a small penetration force to be sufficient. Once the needle has entered the 
tissue, any excessive loading of the needle other than axially will result in a buckled needle or 
tissue trauma.  
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At the fingertips, forces from the needle and tissue are superimposed on the actuation force. 
As the latter are several orders larger in magnitude, tissue and needle forces are barely felt. 
Instead, a clear understanding of material properties is demanded to relate the shape of the 
tissue or the needle to the amount of force that is applied, and to determine the critical load. 

When microsurgery is performed using robotic assistance, haptic feedback should at least 
include the reaction forces felt at interfaces C and D (see Figure 2.11). An assumption is made 
that reaction torques at these interfaces cannot be distinguished. Thus, 3-dimensional force-
feedback will suffice. The instrument actuation force can be presented passively at the master 
manipulator, by designing a spring mechanism simulating the elastic hinge at the rear of a 
microsurgical instrument. 

 
 
2.2.6 Tremor 

In the outstretched hand, physiological tremor of the fingertips is found to be in the range of 
0.5 to 3.0 mm, with an irregular frequency up to 30 Hz [20]. Experiments have shown that 
87% of the tremor signal has a frequency below 3.5 Hz [21]. 

The magnitude of tremor strongly depends on the surgeon’s posture [17] and wrist support 
[22] as well as on operating time [23] and confidence. Assuming that external circumstances 
in the operating room are favorable, experienced microsurgeons can achieve forceps tip 
tremor amplitudes of 15 35 µm [24]. Doing heavy physical activity or drinking caffeinated 
liquids [17] prior to performing surgery is known to decrease precision. Ambient temperature 
[25] and microsurgical instrument design can contribute as well. 

The magnitude of tremor is related to the direction of movement. Tremor is smallest when 
moving the hand towards the opposite shoulder, larger when moving toward and away from 
the body and largest when moving up and downwards [26]. Tremor is decreased when 
moving against friction while the body is well supported.  Speed of movement during 
microsurgery generally does not exceed 0.5 mm/s and therefore does not contribute to hand 
tremor.  

If an operation site is difficult to access, e.g. in a cavity, it may not be possible to move the 
instruments along the optimal lines of movement. Then, not only is instrument dexterity 
limited, but the absence of adjacent support points adds to difficulty. 

Tremor in the finger tips is related to their eigenmodes [16]. By pressing the thumb, index and 
middle finger together, they form a self-supporting structure with reduced tremor. Spring 
preloaded instruments impose this force on the surgeon’s hand e.g. S&T instruments [83] 
require a closing force of 3.0 N. This force flattens the tip surfaces of the fingers around the 
instrument handles, increasing traction and damping. By adding support points close to the 
instrument tip and shaping the rest of the hand into a stable support structure, tremor can be 
reduced. 
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2.2.7 Human Manual Tracking 

Vascular anastomosis can be considered as tracking of a preplanned trajectory. The surgeon 
prepares an ideal needle and instrument path, and visual feedback is used to correct for any 
errors during movements. 

Craik [27] compares a human operator in a tracking task to an intermittent correction servo, 
where the corrections consist of ballistic movements (see Figure 2.12). The mean tracking 
error in any direction is proportional to the speed of movement in that direction. This is 
caused by a lag in visual processing of up to 170 ms [28].  

 
 

Figure 2.12 Simplified human manual tracking control mechanism during microsurgery. 

 
During tracking tasks, an error deadzone [29] surrounds the target trajectory. Within this 
zone, movements are not initiated. This is caused by a psychological refractory period [30, 
31].  

A certain time is needed before feedback is compared to the planned trajectory. The size of 
the deadzone is proportional to speed of movement, viewing distance, and inversely 
proportional to the size of the error [29]. Since microsurgery relies mainly on visual feedback, 
which involves slower processing than tactile feedback, movements under the microscope 
must be kept at low speed to maintain accuracy [17].  

Similar to a feed-forward signal, training and experience greatly reduce the error. Yet, error 
caused by physiological tremor will remain. These involuntary movements originate from the 
hand controlling the instrument, the assistant’s hand or non-dominant hand holding tissue, and 
from the patient. 

The feedback signal is considered to consist of visual information only. Since this signal is 
obtained through a microscope image, there may be visual aberrations in the optic 
components, optical illusions caused by the view, and impaired lighting or contrast in the 
operation site. The resulting feedback image is likely to be flawed. Therefore, microsurgeons 
require complementary training and experience with a microscope. 
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Dividing the human manual tracking mechanism into three parts, as indicated in Figure 2.12, 
gives an indication of the limits of human capabilities as well as the categorized origins of 
contributing errors. Taking into account the mentioned error mechanisms, it is clear that the 
human brain plays an important role during manual tracking tasks. 

 

2.3 Benefits and Integration of Robotic Assistance during Microsurgery 

During microvascular anastomosis, robot technology can enable increased performance and 
efficiency, and make it easier to perform certain procedures. In 1960, the introduction of 
surgical microscopes in reconstructive surgery made it possible to repair vessels as small as 
1.4 mm in diameter. Since then, microscopes and surgical techniques have improved, and the 
trend is to keep going smaller. Currently, the limits of human precision make it difficult to 
perform microvascular anastomosis on vessels smaller than 1.0  mm diameter. Robotic 
assistance can offer a solution. 

Figure 2.13 gives an indication of how robotic technology can complement reconstructive 
microsurgery. Nothing in the surgeon’s original skill set is replaced; robotic assistance 
provides additional features to the current method. These additional features allow the 
surgeon to improve control of the instruments, while the decision-making process is 
unchanged.  

 
Figure 2.13 Human manual tracking control mechanism during robot-assisted microsurgery. 

 
A robot manipulator can provide motion scaling. Scaling mechanisms can be mechanical or 
electro-mechanical. Mechanical arrangements are based on lever principles, such that force 
feedback is inversely proportional to the scale factor.  

Mechanical arrangements have the advantage that they are simple and robust and deliver a 
direct and continuous feedback signal. Telesurgery is limited to the physical length of the 
mechanism. An example of a pantographic surgical robot is given in [32] and [33]. 

Electro-mechanical scaling is commonly used in master-slave design configurations. The 
master registers the surgeon’s movements and converts them to electrical signals, which are 
then sent to the slave manipulator located at the operation site.  
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The electrical signal can be processed and modified. Slave actuators convert the signal back to 
a motion output. Actuators at the master manipulator can provide haptic feedback.  

The number of sensors and actuators required, combined with signal processing devices leads 
to higher costs and maintenance with respect to a purely mechanical arrangement. Signal 
conversion and modification are dependent on processing speed, and can result in a delayed 
interaction between surgeon and operation site. Actuation and control requires a power 
supply, and signals need to be shielded from surrounding electrical equipment and be safe for 
the patient. 

Master-slave systems have made their way into surgical procedures nowadays, and have 
proven to be advantageous due to their versatility and performance. Figure 2.14 shows in 
what ways a master-slave system can aid a surgical procedure. Telemanipulator robots are 
being developed at a high rate [34, 35], with the successful DaVinci robot as a leading 
example. So far, none of these have proven to be effective in microsurgical applications. 

 

 
 

Figure 2.14 Performance matrix of an operation procedure including robotic assistance (bordered). 

 
Tremor filtration serves as an alternative method of improving accuracy, either directly or 
complementary to motion scaling. Tremor filtration is defined as reduction of higher 
frequency components in the input signal, which can be resolved by providing mechanical or 
electronically programmed damping. 

Tremor is registered by the master manipulator. The measured signal can be used to apply a 
counteracting force onto the surgeon’s hands. This yields a direct “feel” and stability of the 
consequent motion; however dexterity may be negatively affected. Alternatively, tremor can 
be filtered from the signal and sent to the slave, without feedback to the master. 

Telemanipulation can provide the surgeon with improved accessibility and a more ergonomic 
posture during microsurgery. The master manipulator can be controlled with an optimal hand 
grip while the hand is well-supported.  

To approach the operation site from a different direction, the slave can be orientated 
independently from the master to positions normally unattainable. The surgeon may choose to 
control slaves on the opposite side of the patient without breaking posture. During surgery, 
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the grip on the master manipulator can be released to relieve tension in the hands, while the 
slave is paused. 

The slave manipulator can contain a multifunctional set of instruments, each controlled by an 
identical master device. Changing instruments can be done in an automated process, or can be 
avoided by incorporating different functions into a fixed set of instruments. Reservoirs and 
propulsion devices for suction drains and rinsing fluids can be included in the design. Other 
integral features might embody visual aids, such as additional lighting or a camera.  

As the surgeon is decoupled from the operation site, visual access to the operation procedure 
can be modified. The view through the surgical microscope may be replaced by digital images 
at the master console. This accommodates image processing and special visual interfaces. In 
case visual aids are incorporated in the slave design, line of sight can be made dependent on 
manipulator orientation, positively affecting the surgeon’s perception of the operation site and 
his or her own actions. 

During medical procedures, safety involves the physical health of the patient as well as the 
surgical staff. On a technical level, safety might concern the mechanical conditions of 
instruments and appliances. In both cases, safety margins need to be defined by proper 
judgment of the people responsible. Robotic assistance can help to ensure predefined laws of 
safety. 

Monitoring and controlling manipulations may serve to exclude harmful efforts by creating 
virtual boundaries. These harmful efforts are generally only recognized after having a certain 
amount of experience. Examples are broken sutures or unintentional patient injury. 

 

2.4 Feasibility of Current Surgical Robotic Systems for Use in Reconstructive 
Microsurgery 

The microsurgery field has not yet been fully claimed by surgical robots. Currently none of 
them is regarded as a replacement for conventional microsurgery. Surgical benefits are sought 
[36, 37], ranging from performance to ease-of-use. Among the many microsurgical systems 
developed, the systems described below have performed in clinical tests involving 
microvascular anastomosis or are currently in an advanced stage of development for this 
purpose. 

 
 
2.4.1 Master-Slave Systems 

The Robot Assisted MicroSurgery system (RAMS) [38] was introduced by NASA’s JPL. It 
enhances microsurgeons’ precision, by providing motion scaling and tremor filtration. It has 
been tested in a clinical setting [39], completing an end-to-end anastomosis on a rat’s carotid 
artery. The operating time was over twice the time required using a conventional approach. 
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Currently, the DaVinci system by Intuitive Surgical is the only FDA approved 
telemanipulator for robotic surgery. The DaVinci was originally designed for laparoscopic 
surgery. Several tests in open microsurgery procedures have been reported [40-46], including 
robot-assisted microvascular anastomosis. A master-slave setup is found to be particularly 
useful in reducing tremor and facilitating the procedure in terms of ergonomics and 
accessibility. The difference in performance by the dominant and non-dominant hand is 
virtually eliminated. Patient outcome and operating time do not vary significantly from those 
achieved by conventional approaches. While the lack of sensory feedback may decrease 
patency as excessive handling force causes tissue trauma, visual cues can be used to 
compensate to some extent. The DaVinci offers a 10 15  magnified stereoscopic view, 
while in conventional microsurgery magnifications of up to 25  are used. Motion control 
and tremor reduction offered by the master-slave system adequately compensated for the loss 
in visual acuity. Suggested improvements mainly involved the absence of true microsurgical 
instruments, suitable for handling 9-0 or 10-0 needles.  

Recently, Maire et al. [47] used Intuitive Surgical’s DaVinci system for an exclusively robot-
assisted toe to hand transfer. They showed that robot-assisted microsurgery using this device 
is feasible, without any significant improvements in terms of operating time or patient 
outcome compared to conventional techniques. An increase in operating time was explained 
by a lack of dedicated microsurgical instruments on the DaVinci system. The telemanipulator 
did provide a more comfortable work posture and a perceived higher precision through 
motion scaling. Using a DaVinci system to perform microsurgery requires drastic changes in 
workflow as well as in operating room setup (Figure 2.15).  

 

 
 

 

 

Figure 2.15 Two DaVinci systems are used 
cooperatively in a microsurgical 
procedure. 

Figure 2.16 The NeuroArm robot consists of two 
slave manipulators mounted on a 
cart. 

 
The NeuroArm robot developed at the University of Calgary (Figure 2.16) is designed as an 
MRI compatible telemanipulator system for micro-neurosurgery [48]. Each NeuroArm slave 
arm has 8DOF, optical force sensors with a sensitivity of 0.02 5.0 N, and a reported tool tip 
accuracy of 1.0 2.0  mm. Clinical test reports describe a successful splenectomy, 
nephrectomy, and submandibular gland resection in rats [49]. Reports about the feasibility of 
microvascular anastomosis are not available currently. 
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Morita et al. [50] describe a microsurgical robotic system designed to perform anastomosis in 
deep neurosurgical fields. In several clinical tests, the device has proven to complete its task 
successfully with improved accuracy compared to manual suturing techniques. In rats, closing 
of a half-wall arteriotomy and complete anastomosis of the carotid artery was achieved. The 
operating time was unacceptably long due to constraints in the kinematics of the system 
requiring an assisting surgeon to perform tasks outside the range of motion of the device. 

As yet, the microsurgical robot developed by Mitsuishi et al [51] at the University of Tokyo 
has not been used in clinical studies. End-to-end and end-to-side anastomoses of 0.3 0.5 
mm artificial blood vessels have been realized. This 6DOF master-slave system has been 
designed specifically for micro-neurosurgery, with dedicated microsurgical instruments and 
motion scaling allowing 30 µm accuracy in a workspace volume of 100	 	100	 	400 mm. 

 
2.4.2 Cooperative Systems 

The Micron [52] (see Figure 2.17), currently under development at Carnegie Mellon 
University, is a handheld tool for microsurgery with a 3DOF instrument tip actively 
compensating movements caused by physiological tremor. Course positioning of the tool is 
done directly by the user, allowing the instrument tip to have fewer DOF and a smaller range 
of motion than a microsurgical master-slave system. Motion sensors and tip actuators are 
integrated in the tool, run by a complex control algorithm. Motion scaling is applicable within 
the active tip’s range of motion. Thus far, the Micron has not been tested in a clinical setting, 
though Ang et al. [53] claim a 45% decrease in position error during pointing and tracing 
tasks, compared to performance without the device. 

Johns Hopkins University’s Steady-Hand [54] is a 5DOF force-guided cooperative device. 
The operator manipulates a tool connected to the Steady-Hand system, which filters tremor by 
actively damping the exerted force. This system has not been used in clinical tests. In [54], 
Mitchell at al. report a precision of 5 µm, which they have validated by cannulating ∅80 µm 
veins in a chicken embryo. 

 
2.4.3 Non-Robotic Solutions 

Venous couplers (Synovis, [55]) are commonly used in free flap reconstruction of the breast, 
head and neck, and limbs [56-63], substituting conventionally sutured end-to-end 
microvascular anastomosis. Each vessel is fixed onto one of the coupler halves, by everting 
and anchoring the vessel wall over a number of pins. Using a special applicator, the coupler 
halves are joined and locked by these pins, pressing the inside of the vessels together (see 
Figure 2.18). Anastomoses performed using a venous coupler are reported to achieve similar 
patency rates compared to conventional suturing, but are faster and easier to complete while 
having better strength. The absence of foreign material inside anastomosed vessels reduces 
the rate of complications. Though not widely adopted, some authors report the successful use 
of a coupler in an end-to-side anastomosis. 
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Successful application of a venous coupler is dependent on the selected vessel’s properties, 
such as length of the vessel, tissue pliability, matching diameter between vessel and coupler 
ring caliber, as well as matching diameter between donor and recipient side vessels. The 
majority of studies describe use of the venous coupler for end-to-end anastomosis of veins 
with inner diameters of 2.0 3.0 mm. The smallest available rings have 0.8 mm caliber. The 
size of the coupler rings is preferably chosen slightly smaller than the vessel inner diameter. 
Combined with lost radial flexibility at the site of the anastomosis, this causes a restricted 
blood flow. Since vessel walls need to be folded back almost 90 degrees to be hooked onto 
the pins, arterial anastomosis using coupler rings is generally discouraged, due to the thicker 
and more rigid artery wall. 

 

 
 

 

 

Figure 2.17 The Micron is a handheld active 
microsurgical tool that compensates 
physiological hand tremor. 

Figure 2.18 A venous coupler system, 
showing the two coupler 
halves in the applicator. 

 
The Anastoclip VCS [64], marketed by LeMaitre, proposes another method for anastomosis 
without leaving foreign material inside vessels. After placement of several initial stay sutures, 
anastomosis is completed through application of a number of clips, followed by removal of 
the sutures. As the clips are applied radially, and only hold 0.2 to 0.3 mm of vessel wall, 
blood flow is restricted minimally. Clinical results show successful use in end-to-end as well 
as end-to-side anastomosis [61-63, 65]. These studies report the routine use of the VCS for 
anastomosis of both veins and arteries. Healthy and elastic vessel walls are requisite and 
vessels need to be accessible from all directions. Average anastomotic time with the VCS is 
generally around 10 15  minutes, 5 10  minutes using venous couplers, as opposed to 
20 25 minutes placing conventional sutures. 

Less frequently used options for microvascular anastomosis include surgical adhesives 
(cyanoacrylates and fibrin-glues [66, 67], glue with absorbable biostents [68]), and thermal 
bonding (laser [69, 70] and photochemical bonding [71]). These techniques could be used for 
sutureless anastomosis, reduced suture anastomosis, or to repair and to stabilize conventional 
anastomosis [72]. 
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2.5 Requirements for a Robotic System for Reconstructive Microsurgery 

Surgical robotic systems should primarily be designed to provide benefits for the user, 
improving the conventional method. Time, effort and money for investment need to be 
accepted. In this research, the practicing surgeon is taken as the user.  

Compared to the hospital or the patient, the surgeon is most aware of both positive and 
negative effects of robotic surgery. Surgeons are given a high degree of self-governance 
within their department. Also, they share the patients’ interest in a quick and easy recovery. 

 
2.5.1 Acceptance of Robotic Surgery 

BenMessaoud et al. [73] have done a survey among surgeons about their attitude towards 
robotic surgery. Users and non-users of a DaVinci robot and were asked about the perceived 
advantages and disadvantages. Results of the survey can be taken as a guideline for the 
requirements of a robotic system dedicated for microsurgery. 

 
 
 

Figure 2.19 The relative importance of performance, effort, social influence, facilitating conditions 
and leadership, for acceptance and use of robotic surgery. Results by BenMessaoud et al. 
[73], taken from a survey among surgeons. 

 
In Figure 2.19, performance is shown as most influential. A clear advantage over the 
conventional method implies e.g. that patients can be operated and cured faster and with less 
complications. This includes the surgeon’s improved ergonomics, ease-of-use, and 
accessibility.  

The second major contributing factor is the presence of facilitating conditions. The 
organization and infrastructure in the hospital should be cooperative and suitable for any 
changes in workflow. Third party training and maintenance programs can be available to 
support this.  
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The effort required to accommodate a robotic system is generally found less important. This 
implies that surgeons are willing to invest actively and financially, as long as the performance 
of the device provides a clear benefit, and implementation is possible. 

Leadership and social influence both contribute to about 5% in the decision-making process. 

Taking into account the guidelines from Figure 2.20, a robotic device for microsurgery should 
primarily be focused on improving the surgeon’s performance, while being minimally 
intrusive to the existing workflow. Intuitive control, easy pre-operative setup, and low cost are 
complementary. 
 

 

2.5.2 Key Specifications and attributes for the MSR 

The analysis of microvascular anastomosis in Section 2.3 can be used to determine the 
minimum performance requirements for a microsurgical robot. The Micro Surgical Robot 
(MSR) system should provide a clear improvement in surgical performance. The aim is to 
provide a master-slave system capable of achieving a precision three times better than what is 
possible by hand. 

The Micro Surgical Robot (MSR) system requires a minimal change in surgical workflow and 
infrastructure, by incorporating components already being used during conventional 
microsurgery, e.g. the surgical microscope and microsurgical instruments. 

The DaVinci is currently the only commercially available surgical robot system, originally 
designed for minimal invasive procedures. The MSR will use a similar master-slave setup, but 
dedicated to microsurgery. This implies that the MSR can have a smaller reachable workspace 
and force delivery at the instrument tip, allowing a more compact and light-weight design. 

In Table 2.3, the MSR is compared to conventional microsurgery as well as the DaVinci 
robot. By strategically placing the MSR in between these alternatives, a system is developed 
that combines the familiarity and proven methods of conventional microsurgery, with the 
high-tech solution proposed by Intuitive Surgical. 

Table 2.3 shows that the MSR does not provide a system as extensive as the DaVinci. A large 
number of design specifications and attributes are left identical to those belonging to 
conventional microsurgery, creating an intuitive system that is easily implementable into the 
operating room. 

Compared to the DaVinci, the size and weight of the MSR are deliberately kept small, such 
that it does not require any significant changes in planning the layout of the operating room. 
This also implies that the pre-operative time (bringing in and setting up the device) and post 
operative time (shutting down, taking out of the operating room, sterilization) can be shorter.  

Finally, the MSR is designed as a low-cost system, dedicated exclusively to microsurgery and 
introducing a minimal amount of new components and features to the conventional method. 
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Table 2.3: 
Technical specifications of a dedicated microsurgical robot,  
compared to conventional microsurgery and Intuitive Surgical’s DaVinci. 
 
 Conventional Micro Surgical Robot 

(MSR) 
 

DaVinci 

Precision 0.10 mm 0.03 mm 1.0 mm 
 
Controllable DoF 

 
7 

 
7 

 
7 

 
Reachable Workspace 

 
Cylindrical, 

Ø20	 	20 mm 

 
Cylindrical, 

Ø20 20 mm 

 
Conical, 

Ø200	 	200 mm 
 
Type of manipulation 
 
Number of Manipulators 

 
Manual 

 
Up to 4 

 
Master-Slave 

 
Modular up to 4 

 
Master-Slave 

 
3	 	1 (Camera arm) 

 
Transmisson 

 
- 

 
Back-drivable 

 
Non back-drivable 

 
Instruments 

 
Microsurgical 

instrument set, 
sterilizable 

 
Microsurgical 

instrument set, 
sterilizable 

 
DaVinci Instruments, limited 

use 

 
Maximum Tip Load 

 
- 

 
0.5 N 

 
10 N 

    
Vision Surgical 

microscope 
Surgical 

microscope 
Separate camera 

arm at slave 
Digital stereo vision 

at master 
 
Haptic Feedback 

 
Yes 

 
Yes, 3DOF 

 
No 

 
Motion Scaling 

 
No 

 
Yes, 20 100% 

 
Yes, 20 100% 

 
Tremor Filtering 

 
No 

 
Yes 

 
Yes 

    
Pre-operative time - 10 min 	30 min 
 
Post-operative time 

 
- 

 
10 min 

 
	30 min 

    
Mass - 10 kg (total) 550 kg (slave) 
 
Suspension 

 
- 

 
Microscope based 

 
Floor stand 

 
Size 

 
- 

 
Master: 

250 200 100 mm 
Slave: 

250 200 100 mm 

 
Master: 

1500 1500 1000 mm 
Slave: 

2000 2000 1500 mm 
 
Required Extra 
Components 

 
- 

 
- 

 
Vision processing cart 
2000 750 750 mm 

 
Cost 

 
- 

 
€300.000 

 
€1.800.000 
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Chapter 3  

Design of the Micro Surgical Robot (MSR) 

 

 
 

 

 
 

 

 
3.1 Master-Slave Architecture for Cooperative Surgery 

The microsurgical part of a DIEP procedure is performed by a chief surgeon and an assisting 
surgeon. This cooperative setup is common for most microsurgical procedures, in particular 
when microvascular anastomosis is involved. The operating room is equipped with a surgical 
microscope, a surgical table, anesthesia equipment, and several tables. Surgical staff typically 
consists of two microsurgeons, two scrub nurses, and two anesthesiologists (Figure 3.1). The 
workflow in the operating room is an essential factor in surgical procedures. The MSR design 
concept is based on the principle that the workflow during conventional microsurgery should 
be left unchanged as much as possible. 

 
 

 
Figure 3.1 Chief and assisting surgeon seated face-to-face. The available workspace during 

conventional microsurgery is a rectangular volume of  mm (shaded). 

 
While sharing a stereo microscope, both surgeons access the operation site from different 
angles, such that cooperation is most effective. Surgeons may be seated face-to-face, side-to-
side, or at any other angle allowed by the microscope eyepieces. 
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The distance between the surgeon and the microscope optical axis can be defined by the 
adjustable length of the eyepieces. When two surgeons are working face-to-face, they are 
separated by the width of the operating table ( 550  mm). The eyepieces are adjusted 
accordingly; both surgeons are able to perform their task in a straight seated posture. 

The surgeon is thus seated close to the edge of the operating table, with the forearms resting 
on the patient or on the table’s top surface. The wrists are placed close to the operation site, 
the forearms orientated perpendicularly to each other, and the upper arms down and close to 
the body. This creates a working width of about 700 mm. 

The microscope is positioned above the patient such that its field of view is centered with the 
operation site. The objective is brought to the largest possible height above the patient that 
still allows a comfortable working posture. For a varioscope system, such as the Zeiss Opmi 
Vario [74], the working distance may be between 200 and 415 mm. The varioscope lenses 
allow a change in magnification without adjusting the height of the microscope head. 

As a result, the available workspace during conventional microsurgery can be defined by a 
rectangular volume of at least 700 550 200  mm. To maintain a 
comparable infrastructure in the operating room, the length and width of this workspace 
should not be expanded by the introduction of a robotic system. The height of the system can 
be larger than the dimension as stated, as long as other OR equipment such as the microscope 
can still be placed in the optimal position. Similarly, any moving parts of the robotic system 
should not impose an obstruction or potential hazard to OR equipment and personnel. 

 
 
Figure 3.2 The reachable workspace during conventional microsurgery is a shared cylindrical 

operating volume of ∅  in which high precision is required, and a shared suture 
handling volume of  ∅  mm. 

 
The reachable workspace is referred to as the volume in which the manipulator end effectors 
can assume a position. In conventional microsurgery, the reachable workspace can be defined 
by the edges of the operating volume, Ø20 20 mm (see Figure 3.2). Within this volume, 
high precision is required by up to four instruments working cooperatively. 
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When tying a knot, the suture wire is pulled out of this volume, yet is kept inside the 
microscope field of view and depth of field. A shared volume (Ø30 30 mm) above the 
operating volume is used for manipulation that requires lower precision, such as suture 
handling. These manipulations may involve multiple instruments, e.g. when a suture wire is 
passed from one instrument to another. 

To be able to assist during a full microsurgical procedure, the slave manipulators of a robotic 
system should have a reachable workspace equal to, or larger than, the total reachable 
workspace in the conventional setting (Figure 3.2). Furthermore, the slave manipulators 
should have high precision and dexterity inside a shared cylindrical volume of Ø20 20 mm. 

A ring shaped suspension, its plane perpendicularly aligned with the microscope optical axis 
(Figure 3.3), is able to provide access to the operation site from different angles. From these 
initial angles of attack, only short strokes are required for a slave manipulator end effector to 
reach within the cylindrical volume. The ring is used to mount multiple slave manipulators, 
allowing a cooperative setup. 

 
 
Figure 3.3 A number of slave manipulators are mounted to a suspension ring, which is attached to a 

surgical microscope. The master manipulators are mounted to the side rail of the surgical 
table. 

 
The performance of the slave manipulators is thus dependent on the structural stiffness of the 
microscope stand. The approximately 250 kg microscope stand of the Zeiss Opmi Vario S88 
[74] is an overhanging structure, which is supported by the floor of the operating room.  
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The MSR is designed as a lightweight system, such that a minimal mass is added to the 
structure. During microsurgery, instrument accelerations and contact forces are low. With low 
moving masses, the effect of the relatively long force loop between the tip of the end effector 
and the floor of the operating room can be reduced. 

The microscope based suspension of the slave manipulators occupies a minimal amount of 
space in the operating room. It does not create any physical obstruction between the members 
of the surgical staff, nor does it block the view on the operation site. In case of complications, 
the system can easily be removed from the operation site by controlling the power stand of the 
microscope. 

The master manipulators are mounted to the standardized side rail on the surgical table. While 
controlling the master manipulators, the surgeon is able to stay close to the patient and to use 
the microscope as though performing conventional microsurgery. 

 
 

3.2 Conventional Microsurgery to a Kinematic Concept 

The range of motion and kinematics of both the master and slave manipulator are based on the 
analysis of the correct grip on a microsurgical instrument, as described in Chapter 2. The 
surgeon’s wrist is assumed to be a fixed point in space with the tip of the instrument being the 
end effector.  

 
 

 

 

Figure 3.4 Front view of the grip on a 
microsurgical instrument. The 
initial angle of attack is at a 

 degree angle to the 
vertical plane.   

Figure 3.5 Side view of the grip on a microsurgical 
instrument. The tip of the instrument can 
be moved in six degrees of freedom, i.e. a 
spherical joint at the wrist and a spherical 
joint at the base of the index finger. 

 
A human hand holding a microsurgical instrument can be described by six degrees of freedom 
( , , , , , ), which form one spherical joint at the wrist and another at the base of 
the index finger where the instrument is supported (Figure 3.5). The initial orientation of the 
instrument is at a 45 degree angle to the operating plane (see Figure 3.4).  
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The spherical joint at the wrist allows the end effector to cover a large workspace with 
relatively low precision, while the spherical joint at the base of the instrument is able to 
position the instrument with higher precision in a smaller volume. The pinching of the 
instrument handles is the seventh degree of freedom. This kinematic layout is the basis for the 
manipulator design. 

In the slave manipulator, the wrist joint is translated upwards until the instrument shaft is 
vertically aligned with the tip and  is aligned with  (still shown in Figure 3.5). This 
creates clearance on the operating plane, to make room for e.g. surgical accessories and free 
flaps. Moreover, for the surgical staff it provides a direct view of what is happening at the 
operation site. Tilting the instrument shaft to a 45 degree angle provides center clearance for 
the microscope’s field of view. Next, the spherical joint at the wrist is expanded as depicted in 
Figure 3.6. 

 
 
 

Figure 3.6 The wrist joint is translated upwards to provide clearance on the operating plane. Next, it 
is expanded along a parallelogram mechanism. The black DOF are actuated, whereas DOF 
in grey are passive. The manipulator link lengths are chosen such that the workspace 
requirements are met. Simultaneously, all degrees of freedom can be balanced against 
gravity, except for R. 

 
Compared to Figure 3.4 and 3.5, rotations  and  are moved backwards while  is moved 
further upwards, and a passive universal joint is introduced (virtual wrist joint, see Figure 
3.6). A vertically orientated parallelogram is created behind the virtual wrist joint, actuated 
both by  and . The parallelogram configuration provides a number of design benefits. 
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Lengths  and  can be adjusted such that the y-component of the center of gravity (COG) 
of the structure lies on a vertical plane going through the virtual wrist joint.  A design 
symmetrical through the  plane will make sure the  coordinate of the COG is equal to 
the  coordinate of the virtual wrist joint.  

The  coordinate of the COG then lies on a vertical line between  and the virtual wrist joint, 
thus creating a pendulum forcing the structure to a static equilibrium point around .  All 
other degrees of freedom can be balanced against gravitational pull. 

Heights  and  can be chosen such that  and  are positioned adequately high above 
the operation site. Height  is an extension of the instrument shaft and can be equipped with 
a balancing weight, e.g. a dc-motor for instrument actuation. 

The end effector link of the slave manipulator contains a mechanism able to hold and actuate 
an actual microsurgical instrument. The tip of the instrument is located at point , as shown 
in Figure 3.6.  

The master manipulator is identical to the slave manipulator, the only difference being the 
position and orientation of the end effector. The master end effector is controlled using the 
recommended surgical instrument grip (see Figure 3.7). 

 
 

Figure 3.7 The kinematic layout of the master manipulator is identical to that of the slave 
manipulator. The end effector is located at the spherical wrist joint, which allows the end 
effector link (simulated instrument) to be held in the correct surgical instrument grip. 

 
Figure 3.7 shows that rotation  is aligned with the axis of rotation of the lower arm of the 
operator.  Translations of the end effector are converted to rotations , , and . Rotations 
of the end effector are measured by , , and . 

The master manipulator is equipped with an end effector that simulates an actual 
microsurgical instrument. Figure 2.7 in Chapter 2 shows that these instruments are forceps 
shaped, containing one degree of freedom for actuation. In the master manipulator, the tip of 
the simulated instrument is located at point  (see Figure 3.7).  
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This way, the instrument can be held in the correct surgical instrument grip. Rotations of the 
instrument are measured by the spherical joint at the base of the end effector. Translations of 
the instrument are measured by the remaining degrees of freedom. Rotations and translations 
are thus decoupled. 

An assumption is made that during microsurgery, torques on the tip of the instrument cannot 
be felt by the surgeon because their magnitude is negligible. Forces can be sensed, e.g. when 
pulling a suture wire, pushing against tissue, or colliding with other instruments. The way the 
master manipulator end effector is held, haptic feedback is required only for  , , and . 

The actuated degrees of freedom (shown in black in Figure 3.6 and 3.7) are ordered in 
orthogonal pairs. This implies that three of the link lengths contributing to the serial chain are 
equal to zero, which simplifies the kinematic equations.  

The manipulator kinematics can thus be simplified as shown in Figure 3.8. Actuated degrees 
of freedom  and  have been moved forward, and the balancing parallelogram mechanism 
at the rear of the manipulator (dashed) has been omitted. 

 
 
 

Figure 3.8 Simplified kinematic layout of the MSR manipulator, without the balancing parallelogram 
mechanism (dashed lines). The manipulator can thus be described as an anthropomorphic 
arm with a spherical wrist. 

 
A spherical joint is formed at point , comprised of rotations ,  and . The manipulator 
can thus be described as an anthropomorphic arm (from point  to ) with a spherical wrist. 
This type of manipulator is commonly known and well described in literature (e.g. [75, 76]).  
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By pairing the degrees of freedom, they can be actuated using three serially linked differential 
gears. Each differential gear is driven by two parallel drive trains. This is beneficial to the 
total stiffness of the manipulator drive train, which leads to higher precision at the end 
effector. 

Starting from the base of the manipulator, the degrees of freedom are serially ordered as listed 
in Table 3.1. 

 

Table 3.1:  
Link lengths and order of degrees of freedom (DOF) in the serial kinematic chain of 
the MSR manipulator (see Figure 3.8). 
 

 

 DoF Link Length  
[mm] 

Range  
[rad] 

Differential gear A 
 1 0 6⁄  
 2 50 6⁄  

Differential gear B 
 3 0 9⁄  
 4 100 2⁄  

Differential gear C 
 5 0 6⁄  
 6 160 ∞ 

 
Because the two parallel drive trains cooperate, the power required in the differential gear is 
shared by two motors. In case both degrees of freedom do not require equal torque and 
angular velocity, power can be more evenly distributed among the drive trains. 

The concept of a kinematic layout as depicted in Figures 3.6 and 3.7, containing three serially 
placed differential gears, a balancing parallelogram mechanism and a passive universal joint 
(virtual wrist joint), is unique and has been filed under the Patent Cooperation Treaty (PCT) 
[77]. 

 
 

3.3 Master and Slave Manipulator Workspace  

The manipulator link lengths are set to the values shown in Table 3.1, closely resembling the 
kinematics of the human hand holding a microsurgical instrument. Similarly, the ranges of 
motion have been chosen such that the reachable workspace of the manipulator is at least 
equal to the reachable workspace during conventional microsurgery. 

Figure 3.9 shows the slave manipulator in its initial position, from which the reachable 
workspace has been determined according to the values specified in Table 3.1. Part of the 
workspace volume has been cut away to show the manipulator. The anthropomorphic arm is 
able to position the spherical wrist joint within volume . This volume is thus equal to 
the reachable workspace of the master manipulator end effector.  
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Volume  is the reachable workspace of the slave manipulator end effector. The edges of 
 have been cut off for clarity. Figure 3.9 shows that  is a segment of a hollow sphere, 

centered at the base of the manipulator. 

A sphere of ∅50 mm can be defined in volume  in which the slave manipulator end 
effector has equal dexterity in all degrees of freedom. In volume  a similar sphere of 
∅30 mm is shown. This sphere only defines equal dexterity for the degrees of freedom of the 
anthropomorphic arm; rotations of the spherical wrist joint are unaccounted for, these can be 
moved along their full range of motion (see Table 3.1). 

 
 

Figure 3.9 Volume  is the reachable workspace of the wrist joint. Volume  is the reachable 
workspace of the slave manipulator end effector. In , a sphere of ∅  mm can be 
defined in which the end effector has highest dexterity in all degrees of freedom. A similar 
sphere of ∅  mm is shown in . 

 
The recommended suspension height of the slave manipulator is between 138 and 188 mm, 
measured from the base of the manipulator to the center of the operation site (see Figure 3.9). 
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The slave manipulator is mounted on a ring shaped suspension, whose centerline is aligned 
with the initial position of the end effector (see Figure 3.10).  

 

 
 

Figure 3.10 Volume  is the reachable workspace of a single slave manipulator, allowed to move 
along the suspension ring. Volume  is the reachable workspace shared by any 
number of slave manipulators. Volume  (∅  mm) is the workspace in 
which high precision is required during microsurgery. 

 
The MSR system is designed to accommodate up to four slave manipulators, which can be 
positioned freely around the suspension ring.  

This implies that the reachable workspace of the slave manipulator end effector is 
axisymmetric around the centerline of the suspension ring. Figure 3.10 shows the resulting 
total reachable workspace of a single slave manipulator ( ), and the reachable workspace 
shared by any number of slave manipulators positioned anywhere along the suspension ring 
( ). 
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Volume  is able to contain a cylindrical volume of ∅20 20 mm (  in 

Figure 3.10) in which high precision is required from multiple manipulators during 
microsurgery, as specified in Section 3.1. The shared workspace above and around 

, can be used to handle sutures cooperatively. Volume  can be used to 

perform movements that require only a single manipulator at a time.  

 
 

3.4 Manipulator Performance Requirements 

The manipulator workspace and kinematics, combined with the performance requirements 
proposed in Table 2.3, are used to determine specific properties of the robot’s design. 

Peak performance of the slave manipulator should be achieved within the operation site, 
indicated as  in Figure 3.10. Within this volume, the estimated performance 

requirements are given in Table 3.2. 

 

Table 3.2: 
Estimated performance requirements for the MSR slave manipulator in the operation site, regarding 
translations and rotations of the end effector relative to a fixed origin (manipulator base). 
 
At slave end effector point  
 

 x – y – z φ – ψ – θ 

Precision 
 

 30 μm /180 rad 

Maximum velocity 
 

 10 mm/s /2 rad/s 

Continuous load  0.5 N negligible 
 
Precision is defined as the diameter of a spherical volume in which the slave manipulator end 
effector can be positioned for a given setpoint, regardless of any dynamic effects or direction 
of approach. Regarding rotations, an angular range is defined in which the slave manipulator 
end effector can repeatedly be orientated for a given setpoint. 

The required velocity at the slave instrument tip is similar to the velocity during conventional 
microsurgery, ranging from zero to 10 mm/s. The angular velocity of the slave manipulator 

end effector ranges from zero to  rad/s, allowing the surgeon to quickly change the angle of 

approach.  

The maximum allowable force at the tip of the end effector is slightly higher than the 
breaking force of a suture wire (0.4 N for 9-0 wire gauge). Moments that can be induced at 
the tip of the end effector are assumed to be negligible. 

The manipulator should be able to provide at least 0.5 N during an extended period of time, 
within volume  (see Figure 3.10). Forces higher than the suture breaking force do not 
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contribute to the success of a microsurgical procedure and may be a potential hazard to the 
patient. 

For this reason, the actuators chosen for the MSR are able to produce a continuous force 
limited to 0.5 N. The drive train is back-drivable, such that the end effector can always be 
moved away from the patient in case of failure. 

Table 3.3 lists the calculated motor properties per degree of freedom, i.e. continuous motor 
torque ( ), maximum motor torque ( 	), and encoder resolution (∆ ). The link lengths 
and ranges of motion are taken from Table 3.2 and the manipulator is assumed to be in the 
initial position (see Figure 3.9).  

Except for rotation , all degrees of freedom are balanced against gravity. In the absence of 
high accelerations, the motor torque is defined by the force applied at the end effector only. 
The maximum motor speed ( ) is calculated from the required maximum velocity at the 
end effector, whereas Δ  is the resolution required at the encoder. 

 

Table 3.3: 
Motor and encoder requirements per DOF. 
 

  
[Nmm] 

 
[RPM] 

Δ  
[mrad] 

Module A  
 

2.5
3.1 

500
1000 

0.19	
0.15 

Module B  
 

2.8
1.9 

1000
300 

0.17	
0.25 

Module C  
 

1.9
0.06 

300
400 

0.25	
8.0 

 
Table 3.3 shows the motor and encoder requirements for rotations  , , and  (belonging 
to the anthropomorphic arm) are quite evenly matched. Spherical wrist rotations  and  
(able to perform a lateral movement of the end effector) have equal motor and encoder 
requirements. For rotation , around the longitudinal axis of the end effector, the payload is 
assumed to be attached at a radius of 5 mm. 

The degrees of freedom have been paired into modules A, B, and C, each containing a 
differential gear driven by two parallel drive trains. For cost reduction, these drive trains are 
identical, which implies that the same motor, encoder, and transmission are used for each 
degree of freedom. The highest requirements in Table 3.3, those for rotation , are thus used 
throughout the entire manipulator. 

To maintain a fully back-drivable manipulator, a transmission ratio equal to 
21.33 has been assumed between the motor and differential gear. Between the encoder disc 
and the differential gear, the transmission ratio is set to 1.33. This is discussed 

more elaborately in Chapter 4. 
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Since the differential gear is driven by two parallel drive trains, a force at the end effector is 
divided among two motors. For safety, however, it is recommended not to exceed the 
allowable continuous load per motor. 

One of the motors that suit the requirements in Table 3.3 is the Faulhaber 2607 SR, able to 
deliver a continuous torque of 3 Nmm. The encoder chosen for the MSR is the Nemo3-SF by 
Numerik Jena. This optical system measures an absolute rotation of a 16 bit code disc. The 
Nemo3-SF has a resolution up to 0.1 mrad.  

Motor datasheets are available from [78] and encoder datasheets can be found in appendix B. 
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Chapter 4  

Design of MSR Manipulators 
 
 

 

 

 
 
 

 

 
 
Figure 4.1 The MSR prototype, consisting of two master manipulators, and two slave manipulators 

mounted on a suspension ring. 

 
Based on the kinematic concept and corresponding requirements described in the previous 
chapter, a design for a master and slave manipulator is proposed. A corresponding proof-of-
concept (see Figure 4.1) has been manufactured by the TU/e Equipment and Prototype Center 
(EPC).The principles of the MSR design revolve around three key features, found in this 
order: safety, ease-of-use, and cost-effectiveness.  
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4.1 MSR Master and Slave Manipulator Design 

The MSR master and slave manipulators are composed of three identical differential modules 
(see Section 4.2), serially linked between a manipulator base and an end effector (Figure 4.2). 
The kinematic order of these links is as specified was Chapter 3.  

 
 
 

Figure 4.2 Master and slave manipulators are both composed of three identical modules. The slave 
manipulator base is able to hold and actuate a true microsurgical instrument and is 
mounted to a suspension ring. The master manipulator is mounted to the side rail of a 
surgical table and has an instrument simulating end effector. 

 
The slave manipulator is mounted to a suspension ring aligned with the optical axis of the 
surgical microscope, and has an end effector holding an actual microsurgical instrument.  
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The master manipulator is mounted to the side rail of a surgical table, and has an end effector 
simulating the handles of a microsurgical instrument. 

Differential modules are capable of actuating and controlling two degrees of freedom, as a 
closed system. A differential module consists of several subassemblies. Each of these 
subassemblies has its own function, which it is able to perform independently.  

The modular approach reduces the length of the design and optimization phase for the MSR 
manipulators. The efforts gone into creating a correctly functioning differential module 
(mechanically and electronically) are used multiple times, in both master and slave 
manipulator. This leads to a simple design, easily understandable by those building it as well 
as those using it, which is an important factor of safety. 

Figure 4.2 shows that the MSR master and slave manipulator are identical for the majority of 
parts. Modules A, B, and C are used to form the kinematic chain in both manipulators. The 
manipulator design is highly symmetrical and compact. 

During manufacturing, subassemblies are tested as single units. The performance of each of 
the subassemblies is known before final assembly, and is adjusted to meet the requirements of 
the manipulator as a whole. 

The number of parts in each subassembly is minimized, such that a lowest possible number of 
mounting errors may occur. This feature is especially present when relative position between 
high precision components is crucial, as is the case for the encoder parts or bevel gears. A 
more elegant approach would be to include a mechanism in each assembled chain to provide 
the final mounting accuracy. Though this guarantees a correct assembly, a more intricate 
design is required, leading to higher cost of manufacturing. 

Instead, a mechanical tolerance stack-up analysis has been performed. The tolerance stack-up 
analysis has been used to optimize the mechanical design and specify manufacturing 
tolerances down to individual component level, such that subassemblies as well as a complete 
manipulator can be built without the help of internal adjustment mechanisms or external 
fixtures. 

This tolerance analysis is based on a six sigma approach in the manufacturing process [79]. In 
addition, the manufacturing process for these parts is chosen as cost-effectively as possible. 

Manufactured parts have been designed such that they can be produced on a 3-axis vertical 
milling machine or a lathe, with a preference for the latter. Most MSR parts have rotational 
symmetry, and can be produced using a single-sided fixture. Parts that need to be milled have 
a set of well-defined planes that can be used as a reference coordinate system. 

By designing repetitive compositions, each manipulator consists of a minimal number of 
different parts. Nearly all parts have more than one occurrence in the total assembly, wherever 
a similar function is required. The same holds for stock products, such as gears, bolts, and 
bearings. These can be ordered at high volume from renowned suppliers, as identical 
components are used multiple times in the manipulator. 



Chapter 5 – Design of Local and Central Data Processing 

46     

As a result, the MSR makes use of only three types of bolts and bearings, one type of motor 
and encoder, and five types of gears. The complete part list for a master-slave combination 
contains about 130 different entries, whereas the total number of assembled parts is over 
1300 . The manufacturing process of the MSR is thus ideally suited for mass or serial 
production. 

Using serial production methods for a batch of 1000 systems, a complete MSR system 
containing four master-slave combinations and a suspension ring, has an estimated2 bill of 
material of 100 k€. 

Regarding maintenance, interchangeability of modules and subassemblies plays an important 
role. Since parts are commonly available or easy to produce, it is cost-effective to have a 
number of spare parts ready. These can be built into a number of spare subassemblies or 
modules.  

In case of failure in any part of an active manipulator, the failing subassembly or module can 
quickly be replaced. The manipulator is fully functioning again, and the failed subassembly or 
module is repaired in the workshop. This has been a very time-efficient approach during the 
design and testing phase of the MSR, but is also applicable to manipulators used in the field. 

 
 
4.2 Serially Linked Differential Modules 

Within an MSR manipulator, positioning of the end effector is performed by three identical 
serially linked differential modules, referred to as modules A, B, and C (see Figure 4.3). Each 
module is equipped with one differential gear, thus able to produce a 2DOF output. In Figure 
4.3, these are indicated by differential gear A, B, and C.  

The differential modules are kinematically coupled in the way described in Chapter 3. 
Physically, they are joined by a planar mechanism, composed of a parallelogram mechanism 
formed by rotation axes , ′ , ′ , and ′ . The bottom link of the parallelogram is able to 
rotate about its longitudinal axis, . This axis is driven by differential gear B, is supported by 
module A, and rigidly connected to module C.  

The four links of the parallelogram mechanism are defined by the formerly described -axis, 
the link lengths of differential modules A and B, and an additional parallelogram link 
connecting modules A and B at a distance parallel to the -axis.  

Three connector rings fix the differential modules to the mechanism. For each differential 
module, these connector rings form the base of a u-shaped structure. On both sides, four 
threaded holes are used to bolt the drive train unit and encoder unit, while being aligned by 
two locating pins.  

                                                            
2 Based on the final bill of material for producing the current prototype, consisting of two master-slave combinations 
and a suspension ring 
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The connector rings for modules A and B contain an additional ear that is used to align the 
parallelogram link at a distance half of the module link lengths. This way, module A is 
pointing upwards, i.e. the differential gear is located at the top. The driven  axis of 
differential gear A is used as one of the actuators of the four-bar-mechanism, while the  
axis is used to rotate the whole manipulator. 

 

 
 

 
Figure 4.3 Three modules (A, B, and C) are linked as shown above. Each module contains a 

differential gear, able to produce a 2DOF output. The parallelogram mechanism at the 
rear of the manipulator is created by rotation axes ,  ′ , ′ , and ′ . 

 
Module B is pointing downwards; its  axis is the second actuator in the four-bar 
mechanism. Combined with the  and  axis of module A, an anthropomorphic arm is 
formed. 

The -axis of differential gear B rotates module C about its longitudinal axis. Together with 
the outgoing axes of differential gear C, a spherical joint is formed, able to orientate the end 
effector link around  , , and .  

Hence, the manipulator can be interpreted as an anthropomorphic arm with a spherical wrist 
joint. The actuated four-bar-mechanism is not a direct part of the kinematic chain between 
base and end-effector tip. Rather, it is used as stiffness reinforcement and balancing mass. 
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The final node of the four-bar-mechanism is located in the connector ring of module A. To 
accommodate the drive shaft and both of its outgoing rotations, the connector ring is equipped 
with a through slot and a universal joint. 

Each module is built of two identical halves. These are mounted symmetrically to their 
corresponding connector ring in the planar parallelogram mechanism as depicted in Figure 
4.4. 

 

 
 

 
Figure 4.4 The three differential modules are connected to a parallelogram mechanism, consisting of 

three connector rings, a parallelogram link, and a drive shaft for module C (indicated by 
). Rotations  and  are driven by module B, whereas rotations  ′ , ′ , and ′  are 

passive. 
  

A module halve is an independent subassembly, able to actuate, measure and control the 
rotation of one of the driving gears in a differential gear. Two module halves collaborate to 
fully actuate a differential gear, thus creating a parallel actuated output.  

A differential module halve consists of a drive train unit and an encoder unit (see Figure 4.5). 
The drive train unit contains the gears and motor to actuate one side of the differential gear. 
The encoder unit is connected to the drive train unit and measures the rotation of the motor 
via a transmission. Using four M2.5 20	mm bolts and two locating pins, the encoder unit is 
fixed to a connector ring in the parallelogram mechanism. The differential gear unit consists 
of two driving gears and one driven gear. Each driving differential gear is driven by a module 
halve. 
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A complete module is thus composed of one differential gear unit, two drive train units, and 
two encoder units (see Figure 4.5). 

 
 

Figure 4.5 Exploded view of a module. 

 
The drive train in a module is composed of spur gears and bevel gears, of which the 
dimensions and properties are listed in Table 4.1. Stiffness, play, and hysteresis results have 
been obtained from a static load test on a 2DOF module. These can be found in appendix D. 

 

Table 4.1: 
Dimensions and properties of gears used in an MSR module. 
 
  D  

[mm] 
M  
[-] 

Material Type 

Motor gear  5 0.25 delrin spur 
Reduction gear A  40 0.25 aluminium anti-backlash 
Reduction gear B  15 0.25 delrin spur 
Differential gear  40 0.25 aluminium anti-backlash 
Encoder gear  30 0.25 aluminium anti-backlash 
 
Driving bevel gear 

 
Module A 
Module B+C 

 
32
30 

 
1.00
1.00 

 
delrin 
delrin 

 
straight bevel 
straight bevel 

Driven bevel gear Module A 
Module B+C 

48
30 

1.00 
1.00 

stainless steel 
stainless steel 

straight bevel 
straight bevel 
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The gears are placed as shown in Figure 4.6. A dc motor actuates the motor gear, which 
drives a reduction gear composed of a large anti-backlash gear (reduction gear A) and a small 
spur gear (reduction gear B).  

The power transmitted to reduction gear B is split into two paths. Towards the front, reduction 
gear B drives the anti-backlash differential gear which is connected to a driving bevel gear. 
Towards the rear, reduction gear B drives the anti-backlash encoder gear which is connected 
to the encoder disk. 

 
 
 
Figure 4.6 The drive train inside a differential module consists of two parallel tracks, each of 

which contains a dc motor, an encoder, and a driving bevel gear. Two driving bevel 
gears collaborate to form a 2DOF output of the driven bevel gear. 

 
When the motor gears are driven with equal angular velocity, the differential gear unit will 
rotate along with the driving gears, around the -axis (see Figure 4.6), 

 . (4.01)

 
Where  and  are the angular velocities of the two motor gears,  is the 

transmission ratio between the motor gear and the differential gear, and  is the angular 

velocity of the output gear.  

When the driving bevel gears are rotated with different angular velocity, the output gear is 
rotated around its axis with a velocity proportional to this difference, 

 . (4.02)

 

Where  is the angular velocity of the output gear around its axis of symmetry, and  

is the transmission ratio between the driving and driven bevel gears. Table 4.1 shows that 
1.0 for modules B and C, and  1.5 for module A. 
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Two types of bearings are used in an MSR module. These are listed in Table 4.2, whereas 
bearing calculations are given in appendix C. 

 

Table 4.2: 
Dimensions and properties of bearings used in the MSR modules. 
 
 D  

[mm] 
d  

[mm] 
b  

[mm] 
Type Material Seal 

SMR85 8.0 5.0 2.0 deep groove  
ball bearing 

stainless steel open 

 
SMR128 

 
12.0 

 
8.0 

 
2.5 

 
deep groove 
ball bearing 

 
stainless steel 

 
open 

 
 

4.3 Differential Gear Unit 

The differential gear unit is assembled as shown in Figure 4.7. A cross-shaped differential 
mount ( ) provides two orthogonal reference axes. One of these axes ( ) is expanded by 

a gear shaft ( ) on both sides. The gear shafts are precision ground to fit a set of ball bearings 
(SMR85, see Table 4.2) supporting the driving bevel gears on each side.  
 

 
 

Figure 4.7 Exploded view of a differential gear unit. 

 
A distance spacer ( ) is placed between the gear shafts and the differential mount to axially 
position the driving bevel gears’ pitch apex, such that it intersects the  axis. Radially, the 

gear shafts are centered with the  axis by lead-in edges on the differential mount. 
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The driving bevel gears are mounted on a flanged axle ( ) which is rigidly connected to a 
differential gear. Each gear set is supported on one of the gear shafts ( ). SMR85 ball 
bearings are preloaded (see appendix C) by an insert ( ) screwed onto the ends of the gear 
shafts, interlocking a spacer tube ( ) between the bearing inner rings. The insert also serves as 
an extension of the  axis, on which the differential unit is suspended in the drive train 

unit.  

The  axis is provided by a through hole in the differential mount. Miniature bearings 

(SMR128) are placed on either side. The outgoing gear shaft ( ) is rigidly connected to an 
insert ( ) holding the driven bevel gear. The driven bevel gear is positioned axially along the 
outgoing gear shaft by means of a distance washer, such that it meshes properly with both 
driving bevel gears. Radially, the driven bevel gear is centered with a lead-in edge on the 
outgoing gear shaft, which in turn is centered with the differential mount by means of the 
SMR128 bearings. 

The SMR128 bearings are preloaded (see Appendix C) onto an interlocking spacer tube 
between the bearing inner rings. The outgoing gear shaft is threaded on both ends, providing a 
connection to the next link on one end, preloaded through the bearings by a nut on the other 
end.  

Any geometrical deviations caused by the manufacturing process, and particularly eccentricity 
in the bevel gears or radial runout in the SMR128 and SMR85 bearings will cause a position-
dependent friction or play along the teeth of the bevel gears. Since a limited stroke is required 
( 	30	degrees), an optimal working range of the differential gear can be set. 
 
Once the differential gear has been fully assembled and tested, it is mounted in the drive train 
unit. The gear shaft inserts on both ends are suspended in a pair of bearings, whereas the anti-
backlash gear is meshed with the gears in the drive train. 
 
 
 
4.4 Drive Train Unit 

The drive train unit (Figure 4.8) comprises a dc-motor with corresponding motor gear, and a 
composite reduction gear, mounted in a gear frame ( ). The dc-motor is positioned on a motor 
plate ( ) using a centering hole and is then glued onto it, while another centering hole is used 
to position the motor plate with respect to the reduction gear shaft ( ). 

The reduction gear consists of a large anti-backlash gear meshing with the motor gear 
(reduction gear A), and a smaller spur gear (reduction gear B) driving two gears 
simultaneously.  

A pair of miniature bearings (SMR85) supports the reduction gear on the reduction gear shaft, 
which is bolted to the gear frame. The bearings are preloaded onto an interlocking spacer tube 
( ) between the bearing inner rings, tightened by a bolt.  
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Toward the front, reduction gear B meshes with one of the differential gears in the differential 
gear unit (see Figure 4.6). Toward the rear, the encoder gear is driven. The transmission ratios 
from the motor gear to the differential gear unit and to the encoder unit are given in Table 4.3. 

 

 
 

Figure 4.8 Exploded view of a drive train unit. 

 
A description of a static load test on a module drive train is given in appendix D.  Results 
include a quantitative indication of friction, hysteresis, and play in the drive train. 

 

Table 4.3: 
MSR Module transmission ratios. 
 

Transmission  Ratio  
[-] 

Motor – Differential gear  21.3 
Motor – Encoder  16.0 

Encoder – Differential gear  1.33 

 

Each meshing gear pair contains one anti-backlash gear and one spur gear, such that play is 
eliminated. Furthermore, no lubricants are used between meshing gear teeth. Different classes 
of material are used for each gear pair, to prevent scuffing and pitting. Metal-to-metal 
contacts are avoided, instead metal-to-plastic is chosen. 
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Delrin gears are commonly available as stock products. Its material properties provide a low 
friction coefficient with aluminum and steel. The relative softness of the material allows 
fluent motion despite the presence of dust or other particles between meshing teeth. 
Moreover, the material has been approved for use in medical applications. 

In the drive train unit, Delrin spur gears mesh with aluminium anti-backlash gears. In the 
differential gear unit, two Delrin driving bevel gears are used in combination with a stainless 
steel driven bevel gear. 

 
 

4.5 Encoder Unit 

The encoder unit is designed to provide a mounting structure and housing for the Nemo3-SF 
encoder by Numerik Jena. The encoder consists of a scanning module, a light source, and a 
code disk (see Figure 4.9). The code disk is scanned using the transmitted light method. 

 
 

 
Figure 4.9 The Nemo3-SF by Numerik Jena consists of a scanning module, a light source, and a code 

disk. 

 
The scanning module consists of a scanning reticle, a processing unit, and a connector. The 
light source consists of an IR LED, encased with a collimating lens. A rim on the outside of 
the lens can be used to position it above the scanning reticle. 

The plastic code disk provides 11  tracks with an absolute position pattern and two 
incremental sine and cosine tracks. These produce a 16 bit output signal, up to 1000 RPM of 
the code disk. Different code disk diameters are available.  

In this design, the smallest code disk presently available has been used, having an outer 
diameter of ∅28 mm and a thickness equal to 1.2 mm. 
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During the design of the MSR, this type of encoder was still in a prototype phase and not yet 
commercially available. A user manual and a description of the alignment procedure have 
been published in a later stage [80], partially based on the experimental encoder alignment 
procedure performed during the MSR design phase. The latter is given in appendix E. 

Figure 4.10 shows an exploded view of an encoder module. After removal of the ears (still 
seen in Figure 4.9), the scanning module is glued onto a mounting plate ( ). The code disk is 
fixed to the encoder drive shaft ( ) by a bolt pressing down on an o-ring ( ). Radial alignment 
of the code disk is done by a centering edge on the encoder drive shaft. 

 
 

 
Figure 4.10 Exploded view of an encoder unit. 

 
The encoder gear is rigidly attached to the encoder drive shaft, which is mounted in the 
encoder mounting plate by two preloaded miniature bearings (SMR85). The encoder gear 
meshes with reduction gear B in the drive train unit. 

The encoder housing ( ) provides a protective casing for the Nemo3-SF code disk and 
scanning module and a mounting frame for the LED. The encoder housing and mounting plate 
are aligned with the drive train unit and connector ring by two locating pins ( ), and fixed by 
four bolts (M2.5 20	mm). 

 
 

4.8 Slave Manipulator End Effector 

The slave manipulator end effector consists of a holding/actuation mechanism, driven by a dc 
motor via a drive shaft (Figure 4.11). Combined, these form a mechanism that is able to hold 
an actual microsurgical instrument, and actuate the 1DOF pinching motion.  
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The actuator unit is mounted in differential gear C, such that the longitudinal axis of the 
microsurgical instrument ( ) is aligned with the -axis, whereas the dc motor is 
fixed to the driven bevel gear in differential gear C. Axis  is aligned with the -
axis. 

 

 
 
Figure 4.11 Exploded view of the slave manipulator end effector. 

 
Figure 4.12 shows a microsurgical needle holder in the slave manipulator end effector. The 
needle holder is positioned along the top surface of the holding frame ( ). Its handles are 
placed between a pair of v-grooved rollers ( ) mounted on a carrier ( ).  

The needle holder front hinge is positioned against a v-grooved plate ( ). A sliding u-profile 
( ) is suspended on the plate and preloads the rear of the needle holder by a tensile spring ( ). 

While the u-profile slides along a simple planar bearing, the carrier is mounted on a miniature 
precision linear guide (THK ER513), consisting of a carriage containing re-circulating balls 
and a precision ground rail. The carrier is translated along the frame by a nut ( ) on a lead 
screw ( ), which is actuated by a dc motor. The nut is integrated into a universal joint, 
compensating for misalignment around the  and  axis. The universal joint is connected to 
the carrier via a folded plate ( ), allowing  and  translation of the nut. Along the  axis, the 
nut is preloaded against the lead screw by the spring-loaded instrument handles. 

For mass balancing, the motor is located on the opposing side of differential gear C, fixed to 
the driven bevel gear. A drive shaft ( ) runs through the differential gear, and actuates the 
lead screw via a spur gear transmission. 



Design and Realization of a Master-Slave System for Reconstructive Microsurgery 

    57  

While the front hinge of the needle holder is fixed, the v-grooved rollers on the carrier can be 
moved front and backwards by the lead screw nut. The fixed distance between the rollers 
causes the instrument handles to be wedged together, thus actuating the needle holder jaws. 

Since the instrument actuator mechanism runs below the instrument, the instrument line of 
symmetry can be aligned with the  axis of differential gear C (shown in Figure 4.11). The 
instrument can easily be placed and removed from above. 

The dimensions of the frame and actuator mechanism are limited, since the operation site 
must remain clearly visible. The actuator mechanism is designed such that the roller carriage 
moves away from the operation site as the needle holder jaws are closed, thus resulting in a 
leaner structure at the front.   

 

 
 

 
Figure 4.12 Exploded view of the slave manipulator end effector. 

 
As the rollers move backwards and further away from the needle holder front hinge, the 
distance between the instrument mounting points is increased. This results in a higher 
mounting stiffness. Secondly, the moment exerted on the instrument handles is increased as it 
is being closed. This compensates largely for the force induced by the bending leaf springs at 
the rear of the needle holder. 
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Figure 4.13 shows a graph of the motor torque required for actuation of the needle holder, as 
the rollers are translated along the handles. The corresponding analysis and calculations can 
be found in appendix G. 

The dc motor used for the actuation mechanism is again a Faulhaber 2607SR. Because of the 
limited volume available, a 16 pulse magnetic encoder (IE2-16) is integrated in the rear of the 
motor, adding 1.4	mm to the length of the motor. 

Using quadrature encoding, a total of 64 positions per motor revolution can be detected. 
Combined with an M2.5	lead screw and the gear transmission between drive shaft and lead 
screw, this leads to a jaw gap resolution ranging between 0.4 and 1.4 µm (see Appendix F). 

 

 
 
 

Figure 4.13 As the actuator rollers move backwards along the needle holder handles, the actuation 
torque is gradually decreasing due to the increasingly beneficial transmission ratio. 
 

 
Since microsurgical instruments generally have a knurled handle surface, they are modified 
by applying a shrink sleeve. The shrink sleeve provides the smooth surface required for 
predictable actuation and measurement. Alternatively, a steel semi-circular clip could be 
attached to the instrument handles to provide a harder and smoother contact surface for the 
rollers, thus reducing the rolling resistance.  
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4.8 Manipulator Suspension 

 
4.8.1  Slave Manipulator Base 

The slave manipulator base (see Figure 4.14) is mounted on a suspension ring, which allows it 
to be positioned tangentially along the microscope optical axis, at a constant radius. 

 

 
 
Figure 4.14 The slave manipulator base is mounted on a suspension ring providing two circular 

guiding rails. 

 
The front of the manipulator, containing the end effector, is pointed towards the microscope 
optical axis. The parallelogram mechanism at the rear of the manipulator is located beyond 
the outside radius of the suspension ring. 

The suspension ring is a hollow structure, containing radially fanning out plates to provide 
stiffness perpendicular to the  plane. The structure is machined as a single part, except 
for the bottom plate, which is glued in. 

The suspension ring provides two circular rails, of which contact surfaces ( - ) and ( - ) 
guide a number of track rollers mounted to the manipulator base. 

The track rollers are positioned as shown in Figure 4.15. Two track rollers (NATR5) are 
guided along surface  (see Figure 4.14), whereas their axis of rotation intersects with the 
suspension ring centerline. These track rollers are mounted on a shaft ( ) in a holder ( ) 
which is mounted in the slave manipulator base frame ( , see Figure 4.16).  
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The holders are cylindrical, with their centerline intersecting the track roller axis of rotation 
perpendicularly. This allows the track rollers to be aligned along contact surface a after they 
have been assembled into the manipulator base frame. 

Three track rollers (KR16) are aligned with the  axis, and guided along surfaces  and . 
These track rollers come with a threaded shaft, such that they can be mounted to the 
manipulator base frame using an insert ( ). The threaded shaft contains a shoulder which 
positions the track roller radially, whereas axially the track roller is preloaded against the base 
frame. 

 
 
 
Figure 4.15 Layout and mounting distances of the track rollers and the slave manipulator base. 

 
The  axis of the output shaft of differential gear A ( , see Figure 4.15) is aligned with 
points  and , and positioned at a distance such that in the initial position of the slave 
manipulator, the tip of the slave end effector is aligned with the suspension ring centerline. 

Rotation axis  corresponds with the  axis of the slave manipulator, whereas  is 
aligned with . 

This mounting distance creates a moment, preloading the track rollers against their contact 
surfaces. 

The slave manipulator base (Figure 4.16) consists of a single body frame ( ) that determines 
the relative positioning between the five track rollers (NATR5 and KR16 PP) and the output 
shaft of differential gear A ( , see Figure 4.16). The latter is mounted in the base frame along 
the  axis by a pair of preloaded bearings (6704). Differential gear A is aligned with the 

 and  axis, with the driven bevel gear fixed to the base frame. 
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A lock mechanism secures the slave manipulator base to the ring suspension, such that it 
cannot be removed unintentionally. Secondly, it fixes the tangential position of the 
manipulator base on the suspension ring. The mechanism is based on a toggle joint lock; 
consisting of a hand operated toggle lever ( ), a spring-loaded push rod ( ), and a rocker ( ). 
Two cylindrical brake pads ( ), mounted on the rocker, are pushed against contact surface  
on the suspension ring when the toggle lever is folded down. 

 

 
 

 
Figure 4.16 Exploded view of the slave manipulator base. 

 
The telescopic push rod consists of a cylindrical guiding rod ( ), along which a sliding rod 
end ( ) is able to translate. A key ( ) and slot ensure these parts cannot translate to the point 
of disassembly. The slot is slightly wider than the key, such that rotation around the axis of 
translation is left unconstrained.  

The guiding rod and sliding rod end are preloaded by a compression spring ( ), coiled around 
the guiding rod. A nut ( ) is used to adjust the magnitude of the initial preload force.  

A tube ( ) fixed to the bottom part encases the coil spring and slides along the outside surface 
of the nut, forming a second contact for the sliding rod end.  

The guiding rod is mounted to the brake toggle lever, at a fixed distance from its hinge line 
with the base frame. The sliding rod end is mounted to the rocker. 
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4.8.3 Master Manipulator Base 

A master manipulator is mounted directly to the side of the operating table, between the 
surgeon and patient, such that it can be controlled in a comfortable posture. A surgical table is 
equipped with side rails, used for mounting e.g. arm rests or a side table. 

 

 
 
Figure 4.17 The master manipulator base is mounted on the side rail of a surgical table. 

 
Side rails have a standardized rectangular cross-section of 10 25 mm. The rail is attached to 
the table by a number of cylindrical spacers of diameter ∅15 mm and 14 mm in length.  

The master manipulator base is mounted to this side rail (see Figure 4.17). The output shaft of 
differential gear A is suspended in the master manipulator, base such that axis  is aligned 
with  and axis  is aligned with . 

In the initial position, the parallelogram mechanism at the rear of the manipulator is situated 
below the top surface of the surgical table, whereas the front of the manipulator is pointed 
towards the surgeon. 

The master manipulator base is designed as shown in Figure 4.18. 

The side rail provides four contact surfaces, ( - ) and ( - ). These are used to align the 
master manipulator base using five contact points on the master manipulator base frame ( ), 
after which it is rigidly fixed with a sixth contact point ( ) on a rocker ( ) actuated by a lock 
screw ( ). A coil tensile spring ( ) preloads the rocker against the lock screw. 

Four contact studs are mounted below an overhanging ledge ( ) at the top of the base frame 
and position the master manipulator base onto side rail surfaces  and .  
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In Figure 4.18, these are indicated by , , , and . Contact stud ( ) is mounted to the side 
of the base frame, whereas stud ( ) is mounted onto the rocker.  

 
 
Figure 4.18 Exploded view of the master manipulator base. 

 
The master manipulator base frame is used to mount the output shaft of differential gear A, 
similarly to the way described for the slave manipulator base. The driven bevel gear is fixed 
to the bottom of the base frame. 

 
 
4.8 MSR Design Overview 

As a system for robotic assistance during microsurgery, the MSR can be configured in a 
variety of setups. A setup consists of one or multiple master-slave combinations, of which the 
master manipulators are mounted to the surgical table and the slave manipulators are mounted 
to the suspension ring, as shown in Figure 4.19. 

The suspension ring can be positioned above the surgical table by moving the microscope, 
and the master manipulators can be moved along the side rails. This allows the MSR to be 
used in various microsurgical procedures at different locations on a patient’s body. 

Three possible alternative setups are given in Figure 4.20. These setups are based on 
cooperative microsurgery, thus performed by a chief surgeon and an assistant surgeon.  
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The surgeons are seated face-to-face, as shown in Figure 4.21. The MSR also allows setups in 
a side-by-side or any other seating arrangement, as long as these options are provided by the 
surgical microscope. 

 

 
 

 
Figure 4.19 Overview of the MSR system, in a configuration using four master-slave combinations. 

 
The total workspace volume (shaded area in Figure 4.20) is defined as the volume that fully 
encompasses any number of slave manipulators, positioned anywhere along the suspension 
ring. This volume is identical for all possible MSR configurations, and is equal to 90 liters 
( 315 mm, 285 mm). 

To the surgeon’s comfort, each master manipulator can be placed anywhere on the side rail on 
a surgical table. A slave manipulator can be positioned anywhere along the guiding rails on 
the suspension ring. This allows the surgeon to approach the operation site from an angle that 
provides the best accessibility, whereas the surgeon’s posture and grip (and thus dexterity and 
precision) can remain unchanged if so desired. 

Setup A contains one master-slave combination, which can be used for single-operator one-
handed robotic assistance. The chief surgeon may choose to control e.g. a needle holder using 
the MSR, whereas other instruments are controlled manually. 
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Setup B contains two master-slave combinations and can be used for single-operator double-
handed robotic assistance. Alternatively, the chief and assisting surgeon can both use one-
handed robotic assistance. 

 
 

 
Figure 4.20 Top view of the MSR system, in three different configurations (A, B, and C). 

 
Setup C shows how a maximum of four master-slave combinations can be configured. Both 
surgeons are able to perform using double handed robotic assistance. 

The MSR also allows a surgeon to control more than two slave manipulators, by switching 
between them. This may be useful e.g. when two slave manipulators steadily hold a set of 
vessels, whereas two other slave manipulators assist during suturing of these vessels.  

Figure 4.21 provides a clear view of a complete MSR system (indicated as setup C in Figure 
4.20), in perspective to its implementation in the operating room. The methods and equipment 
used during conventional microsurgery are left unchanged. 

The chief surgeon and assistant surgeon share a stereoscopic view through a surgical 
microscope. The MSR suspension ring is mounted to the bottom of the microscope head, 
whereas its optical axis is aligned with the ring centerline. Four slave manipulators are 
mounted to the suspension ring, each of which holds and actuates a true microsurgical 
instrument. 

The surgeon’s are seated face-to-face, in a straight and ergonomic working posture. The 
master manipulators end effectors are mounted at a height that allows them to be controlled 
with relaxed arms and wrists. These may be resting on a support instead of on the patient, 
which improves stability. Because the slave manipulator angle of approach is separated from 
the surgeon’s hand grip and body posture, accessibility is improved.  

The surgeons remain seated close to the patient. This allows them to use the existing surgical 
microscope, but also provides a safety barrier. When not using the microscope, the surgeon is 
able to get a direct view of the patient and the operation site. This creates a more personal 
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involvement, as opposed to surgical robot systems where the surgeon is physically separated 
from the patient and only receives computer processed feedback. 

 
Figure 4.21 A complete MRS system, consisting of four master-slave combinations, used in a 

conventional microsurgical setup. 

 
Another safety feature is that the surgeon is able to look away from the microscope eyepiece, 
and directly check the status of the slave manipulators if required. In case of failure, the slave 
manipulators can quickly be cleared away from the patient by decoupling them or by moving 
the microscope. 
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Chapter 5  

Design of Local and Central Data Processing 
 

 

 

 

 

 

 

 

 

 

Each of the MSR’s degrees of freedom is actuated and measured by a motor-encoder 
combination, using an identical electronic circuit. A differential module is regarded as an 
electronic subsystem composed of two module halves. 

                
 
 

Figure 5.1 A local processing PCB (left) is mounted on the outside of a module halve, and a central 
processing PCB (right) is mounted in the manipulator base. Both PCB’s are equipped with 
a microprocessor, a motor driver, a power converter, and a communication interface.  

 
A module halve is equipped with a local processing printed circuit board (PCB), mounted on 
the outside surface of the drive train unit. The local processing PCB (Figure 5.1) contains a 
microprocessor, a motor driver, a power converter, and an eBUS interface (fpga).  
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Two local processing PCB’s are connected to a splitter PCB, dividing a shared power supply 
and data communication between them. Through the splitter PCB, data is transferred between 
the module halves, providing a local monitoring circuit and to allow local cross-coupled 
control for the 2DOF output (see Figure 5.2). Since the electronic components inside the 
module halves cannot move with respect to each other, folded flex foil cables are used for 
internal data communication. 

 
 

Figure 5.2 A module is divided into two module halves, each equipped with a local processing PCB. 
These are coupled by a splitter PCB. 

 
The splitter PCB provides a connection from a module to the central processing PCB, which 
is located inside the manipulator base. Each module is connected via a parallel circuit (see 
Figure 5.3). The central processing PCB contains a microcontroller, an eBUS interface to 
connect the modules, and an EtherCAT interface to connect to a pc. 

 

 
 

Figure 5.3 Four parallel tracks run from the central processing PCB to the three modules and the 
end effector. The end effector is directly connected to the central processing PCB. 

 
A fourth parallel circuit runs between the central processing PCB and the manipulator end 
effector. The end effector is actuated and measured by a dc motor with an integrated encoder, 
directly connected to the central processing PCB. 
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Figure 5.4 shows how the data/power and monitoring circuit runs through the manipulator. 
The cable for module C (blue) runs through differential gear B, past the parallelogram link, 
and up through differential gear A to the central processing PCB inside the manipulator base. 
This route is necessary to avoid restraining module C’s range of motion, and to provide 
maximum cover for the wiring.  

 

 
 

Figure 5.4 A module is divided into two module halves, each equipped with a local processing 
PCB. These are coupled by a splitter PCB. 

 
Similarly, module B’s cable (red) runs along the parallelogram link, through differential gear 
A to the central processing PCB. For module A the cable runs straight up to the central 
processing PCB, also through differential gear A. 

The yellow cable represents the power/data and communication wiring for the end effector. 
Because of the range of motion of the end effector, the cable runs above module C, through 
differential gear A, to the central processing PCB. 

A cable consists of a number of conductor wires protected by a polyurethane mantle. The start 
and end of each cable is secured by fixing the mantle to a structural part. 

A cable provides an electrical connection between the central processing PCB and a splitter 
PCB (or straight to the end effector motor/encoder). A splitter PCB is connected to a 
module’s local processing PCB’s by a number of flat cables. A local processing PCB is 
connected to an encoder via a flat cable, and to a motor via a pair of single conductor wires. 
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The signals required for each local processing PCB are listed in Table 5.1. 

 

Table 5.1: 
Signals required per local processing PCB. 
 

Signal Resolution Wiring Origin 
 

Power - 12V / GND Power Supply 
Absolute encoder position 16 bits Single signal Local processing PCB 
Actual dc motor current 16 bits Single signal Local processing PCB 

Desired motor speed/position 16 bits Twisted pair Central processing PCB 
Monitoring heartbeat Twisted pair Central processing PCB 

 
The absolute encoder position and actual motor current can be processed on board of the local 
processing PCB’s. This reduces the data transfer between modules and the manipulator base, 
which contributes to safety.  

The number of external wires required for local processing PCB can be reduced to six, i.e. 
power supply ( 12V and GND), motor set point data (twisted pair), and monitoring. Through 
the splitter PCB, a module’s two local processing PCB’s can share these wires. 

Top level control of the manipulator is done by the pc. An array of position setpoints is sent to 
the central processing PCB, which converts them into a corresponding motor input signal for 
each DOF. This is sent to the local processing PCB’s, which control the output of the 
modules. 

Data communication between the local and central processing PCB is verified using a 
checksum procedure. An autonomous monitoring system constantly checks the status of all 
electronic signals, including power supply, communication, and connectivity. Additional 
electronic components (measuring systems and power switches) have been integrated in the 
local and central processing PCB’s, connected by an independently wired monitoring circuit. 

When an error is detected, the entire manipulator is shut down. The manipulator has been 
designed to move to its stable and safe initial position (see Chapter 3). The monitoring system 
is controlled by the central processing PCB. The status signal is categorized and logged on the 
pc, such that errors can be retrieved and analyzed.  

The monitoring system has been given top priority. This implies that it is able to shut down 
the manipulator regardless of any commands from the pc. 

For a sample rate of 4 kHz, and a module processing 6 16 bits, the data rate is equal to 0.4 
Mbit/s. Similarly, the manipulator end effector requires 0.2 Mbit/s. This leads to a total data 
rate per manipulator equal to 1.4 Mbit/s, excluding overhead, monitoring, and addressing 
(estimated 25 %).  

By using local control, a large portion of the total data rate is distributed among the local 
processors. Each local processing PCB is able to process the data rate required for its degree 
of freedom, i.e. 3 16 bits at 4 kHz (0.2 Mbit/s). 
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The manipulators are connected to an (embedded) pc using the EtherCAT protocol. A parallel 
circuit can be created by using a stack of EtherCAT modules. For safety, it is recommended to 
use this type of configuration, creating a spider circuit comparable to what is depicted in 
Figure 5.5. 

 
 

Figure 5.5 Up to four master and slave manipulators can be connected to the pc in a parallel circuit, 
using a stack of EtherCAT modules. 

 
The EtherCAT protocol allows plug-and-play. A generic address is assigned to a manipulator 
as soon as it is connected to the circuit, and any master-slave combination can be assigned by 
the operator. This allows the operator to use a single master manipulator and switch control 
between multiple slave manipulators. 
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Chapter 6  

Integration of Active and Passive Safety 
 

 

 

 

 

 

 

 

 

 

 

To comply with directive 93/42/EEC, a set of essential requirements need to be taken into 
account. These requirements are meant to guarantee a high level of safety for the operator as 
well as the patient, considering common practice and technology available at the time of 
design of the device. 

Compliance to the directive is primarily judged by comparison to the latest technical 
standards (ISO, DIN, NEN). It is not mandatory to comply with these standards as long as the 
essential requirements in directive 93/42/EEC are satisfied. Technical standards are the result 
of a long and bureaucratic standardization process, based on lessons learned from practical 
experience. They may be outdated in some areas. 

 
6.1 Safety Requirements according to Directive 93/42/EEC 

Medical Device directive 93/42/EEC [81] has been set up by the European Commission, as a 
requirement of proof for medical devices to be in compliance with the appropriate legislation 
such that it can be marketed in the Europe Economic Area. The purpose of the directive is to 
guarantee a certain level of safety for the intended use of the device. 

Fourteen essential requirements are described in annex I of directive 93/42/EEC, categorized 
in terms of general requirements, and requirements regarding design and construction. The 
latter category is divided into subcategories comprising material properties, contamination, 
mechanical properties, radiation, electronic properties, and information supplied by the 
manufacturer. 
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The fundamental principle encompassing all categories is outlined in the first requirement. 

The device must be designed and manufactured in such a way that, when used under the 
conditions and for the purposes intended, they will not compromise the clinical condition or 
the safety of patients, or the safety and health of users or, where applicable, other persons, 
provided that any risks which may be associated with their intended use constitute accepTable 
risks when weighed against the benefits to the patient and are compatible with a high level of 
protection of health and safety. 

This shall include: 

-  reducing, as far as possible, the risk of use error due to the ergonomic features of the 
device and the environment in which the device is intended to be used (design for 
patient safety), and 

-  consideration of the technical knowledge, experience, education and training and 
where applicable the medical and physical conditions of intended users (design for 
lay, professional, disabled or other users). 

The directive thus assigns a level of required safety, rather than a level of performance or user 
benefit. The third requirement in [81] states that the device must only achieve the 
performance intended and indicated by the manufacturer, during the lifetime of the device 
under indicated normal conditions of use.  

Compliance to the requirements is assessed point by point, by taking results from relevant 
experiments or by comparing the technology to harmonized standards (e.g. NEN or DIN). 
Some of the requirements need to be proven by results of clinical trials over an extended 
period of time. 

Directive 93/42/EEC presents a graduated system of control, whereas the level of control is 
dependent on the level of potential hazard of the device. Classification is done regarding the 
intended use of the device. Assessment of the conformity depends heavily on the class of the 
device. 

The MSR can be defined as a system, consisting of a number of subcomponents. The master 
and slave manipulators are coupled and controlled by software. Slave manipulators are 
suspended on a guiding frame attached to a surgical microscope, as available from Zeiss [74] 
or Leica [82]. Master manipulators are mounted to the surgical table. The slave manipulator 
holds and controls a microsurgical instrument, which is available from an external supplier 
(e.g. S&T [83]). 

It is allowed to classify each of the subcomponents separately, as shown in Table 6.1. Control 
software is always classified identically to the device it is influencing. 

Any MSR parts that are bought from an external supplier (e.g. dc motors, encoders, gears, and 
bearings) need to bear their own CE marking or be tested as an integral part of the system. 

Following the guidelines described in [84], the MSR subcomponents have been classified. 
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Table 6.1 shows that the majority of subcomponents can be defined as Class I, for being non-
invasive or for being a reusable surgical instrument. All active devices that administer a 
substance to or from the body are automatically placed in Class IIa, or higher depending on 
the potential hazard caused by the device.  

The slave manipulator and its control software can be defined as an active device 
administering a microsurgical instrument to the body. The potential hazard needs to be 
examined further.  

Other subcomponents can be defined as active or non-active devices that do not contact the 
body. These are placed in Class I. 

 

Table 6.1: 
Classification of MSR subcomponents according to guidelines in Directive 93/42/EEC. 
 

Subcomponent 
 

Invasiveness Duration Active Device Classification 

Master Manipulator - - Yes Class I 
Slave Manipulator - - Yes Class IIa/b 
Control Software - - Yes Class IIa/b 
Slave Suspension - - No Class I 

Surgical Microscope - - Yes Class I 
Operating table - - No Class I 

Microsurgical Instrument Surgically 
Invasive 

Transient No Class I 

 
A choice can be made to apply Class IIa to the MSR system as a whole, or to carry out 
separate assessment procedures for each individual subcomponent. The MSR has been 
designed with the latter option in mind, by using subcomponents that have already obtained a 
CE marking, i.e. the surgical microscope, operating table and microsurgical instruments. 

Class I medical devices have a considerably less demanding assessment procedure, regarding 
the number and the extent of requirements these need to comply to. The assessment procedure 
and application of a CE marking for a Class I device (not delivered as a sterile product or 
having a measurement function) can be done by the manufacturer, whereas conformity for 
higher classes can only be verified by a notified body (e.g. DEKRA [85]). 

Directive 93/42/EEC annex VIII is applicable when a medical device is used as a custom 
made device or when it is used for clinical trials only. In these cases, safety of use is stated in 
an accompanying document, which is to be judged by the user. 

In addition to the Medical Device directive, the MSR should also comply with the Machinery 
directive 2006/42/EC [86]. These directives have a lot of overlapping requirements regarding 
safety. Both directives need to be combined to form a new set of requirements, whereas in 
case of similar topics, the more specific requirement is always preferred over the lesser one. 
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6.2 MSR Safety Design Features  

In the MSR, a number of design features are passively contributing to user and patient safety, 
aside from their primary function.  

The dc motors used in the MSR are able to deliver a stall torque of 6  Nmm, which is 
translated to a maximum force of about 1.0 N at the tip of the slave end effector. The MSR 
manipulators are unable to cause serious damage neither to a patient nor to the operator.  

The six degrees of freedom that determine the position and orientation of the manipulator are 
fully backdrivable. Since the torque delivered by the motors is limited, the operator is able to 
override their position or override their rotation by hand. 

The reachable workspace of the manipulator is confined to the minimum volume required to 
perform microsurgery.  

The total volume occupied by the MSR system is kept within the available workspace during 
conventional microsurgery, as described in Chapter 3. Viewed from the base of the 
manipulator, a front part and a rear part can be defined. The front part is always inside a 
cylindrical volume ( ) defined by the radius on which the manipulator base is mounted, and 
the height difference between patient and microscope (see Figure 6.1) 

 
 

Figure 6.1 The MSR slave manipulator workspace consists of a cylindrical volume , in which the 
manipulator links behave intuitively. In volume , the parallelogram mechanism moves 
counter-intuitively. The outside face of this volume should be shielded. 

 
Slave manipulator links within volume   move similarly to the kinematics of a human hand, 
thus making their behavior highly intuitive. Considering the limited field of view through the 
microscope, possible collisions in blind spots can intuitively be avoided. 
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Volume  includes the parallelogram mechanism that balances the weight of the front part of 
the manipulator with respect to the manipulator base. Swerving of these links can create a 
potential danger, and should be shielded from the operator. 

An MSR manipulator has a total mass of ca. 1.5 kg. It is hooked onto the suspension ring and 
locked in a fixed position using a manually actuated lever. In case of failure, the manipulator 
can easily be unhooked and removed by the operator. 

Materials used for the MSR are aluminum, Delrin, and stainless steel. Aluminum components 
are anodized, giving them an inert outer layer. These materials are all known to be 
biocompatible and are commonly used in surgical tools and implants. 

During surgery, the manipulator is wrapped in a plastic sheet. The end effector is the only part 
that protrudes through the sheet towards the operation site. The end effector holds and 
actuates a stainless steel microsurgical instrument, which is the only component that actually 
comes into contact with the operation site. By making use of actual microsurgical instruments, 
i.e. instruments that are already commonly used in microsurgery, the biocompatibility of the 
instrument itself is already guaranteed by a CE approval. 

The microsurgical instrument is positioned on the outside surface of a sealed mechanism in 
the end effector. The parts of the mechanism that touch the instrument are disposable single-
use components.  

 
 

6.3 MSR Active Safety Features 

Each degree of freedom is measured by two encoders. A high precision absolute measurement 
is done by the Nemo3-SF encoder. Simultaneously, a reflection sensor detects rotation of 
reduction gear A in the drive train. This gear has been modified to contain a circular array of 
holes in the outside gear flank. The reflection sensor is mounted along the array, and serves as 
a secondary low resolution incremental encoder. Rotation measured by the Nemo3 encoder is 
compared to what is measured by the reflection sensor. In case of any discrepancies, an error 
signal is sent to the central processor, which shuts down the manipulator.  

During actuation, a rotation should be accompanied by a corresponding current. The 
processor on board of the local processing PCB calculates this current, as well as a minimum 
and maximum level (depending on required motor torque). The actual motor current is 
measured on the local processing PCB. If the measured current is outside the calculated range, 
this could mean there is a malfunction in the drive train and the manipulator is shut down. 

Movements of the end effector are assumed to always follow a smooth trajectory with low 
accelerations. This means that a change in angular position measured at the encoder is 
expected to be within a certain range. This range takes into account the contact forces that 
may occur on the end effector during microsurgery. The local processor compares the 
measured change in angular position to the estimated range. In case of a mismatch, this could 
mean there is an unexpected or harmful contact between the end effector and another object, a 
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contact between any moving part of the manipulator and another object, or there is a sudden 
increase in friction at any point in the manipulator. In all of these scenarios, the manipulator is 
shut down. 

Similarly, the central processor is able to compare position data sent to and received from the 
local processors to check for mismatches in expected outcome or abrupt changes. 
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Chapter 7  

MSR Modeling, Identification, and Control 
 

 

 

 

 

 

 

 
 

 

 

Following the design of local and central data processing, as explained in Chapter 5, a 
differential module is modeled and operated as a single 2DOF unit with its own local 
controller.  

The aim is to use a multiple SISO approach, with a simple position controller on each local 
processor. This controller consists of a PID feedback loop and a friction compensating feed-
forward loop. A cross coupling controller is added to improve tracking performance in low 
velocity trajectories. 

 

7.1 Differential Module Dynamic Test Setup 

A test setup has been designed to measure the dynamic properties of a 2DOF module. The 
setup consists of an MSR module, a metrology frame, a measurement tool, a laser vibrometer, 
and an autocollimator.  

The test setup allows the MSR module to be examined without significantly changing its 
geometry, and without requiring disassembly of functional components. The differential gear 
unit, drive train unit, and encoder unit remain unchanged. 

The module is mounted onto the metrology frame, without compromising its functionality. 
The two gearbox covers that are normally attached to the sides of the module by four screws 
each, are removed such that their corresponding threaded holes become available on the 
module.  
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Figure 7.1 gives an overview of the test setup. One side of the module is screwed directly onto 
the metrology frame ( ). The other side (the top side in Figure 7.1) is connected to a thin plate 
( ), preventing rotation of the module. The two threaded holes on the opposing side of the 
gearbox are used to attach a reference beam ( ). 

 
 
Figure 7.1 Test setup A for a 2DOF differential module. 

 
The measurement tool (Figure 7.2) consists of a measurement rod ( ), an adapter ( ), and a 
counterweight ( ). 

The measurement tool is fixed to the output shaft of the differential gear, thus driven in two 
degrees of freedom. These degrees of freedom are referred to as 	  and  (see Figure 
7.1 and 7.2). The  axis is aligned with the rotation axis of the driven bevel gear, whereas 
the  axis is aligned with the rotation axis of the driving bevel gears.  



Design and Realization of a Master-Slave System for Reconstructive Microsurgery 

    81  

The measurement rod contains a number of pockets. The bottom surfaces of these pockets 
serve as measurement planes ( , , , ). The laser vibrometer beam is reflected on 
rectangular measurement plane , which is aligned with the  axis.  

The autocollimator requires a highly reflective surface, which is provided by adding silver 
mirrors on planes  and . The mirror top surfaces are aligned with the  axis.  

The pockets cause the measurement rod center of gravity to deviate from the  axis, 
causing an asymmetric load distribution on the tool. This has been solved by adding an 
additional pocket ( ) on the measurement rod and by changing the bottom geometry, as 
shown in Figure 7.2.  

The counterweight is mounted to the rear of the measurement tool, on the opposing side of the 
differential gear unit, such that the center of gravity of the tool intersects with the   as 
well as the  axis. 

 
 

 
Figure 7.2 Measurement tool for a 2DOF differential module. 

 
The measurement tool is connected to the output shaft by an adapter. This allows changing 
the initial orientation of the measurement planes with respect to the  axis in steps of 2⁄  
rad.  

The laser vibrometer is mounted to the metrology frame, such that its two laser beams are 
pointed towards the module. The lower beam is pointed at measurement plane , while the 
upper beam is reflected on the reference beam ( , see Figure 7.1).  

The laser vibrometer measures the distance between the measurement tool and the reference 
plane. This can be translated to a rotation of the measurement tool around the  axis (see 
Figure 7.2). 

The autocollimator beam can be pointed at measurement plane  or , to measure rotations 
around the  axis. 
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The autocollimator and laser vibrometer simultaneously measure the behavior of the 
measurement tool, actuated in two degrees of freedom by the module. Movement in any other 
degree of freedom may be present (e.g. caused by bearing eccentricity or manufacturing 
errors), but these are assumed to be negligible in the current experiments. 

The test setup can be used in two different configurations. In test setup A (Figure 7.3a), the 
optical axes of the autocollimator and the laser vibrometer are parallel. The autocollimator 
beam is reflected on plane . The  axis is aligned with the gravity vector. In this setup, 
the measurement tool can be loaded with a torque around , by attaching a mass to the 
bolt ( , see Figure 7.2) on the side of the measurement rod. 

 

 
 
Figure 7.3 Test setup A and B. 

 

In test setup B (Figure 7.3b), the metrology frame is rotated and placed on its side. The 
autocollimator beam is perpendicular to the laser vibrometer beam. The autocollimator beam 
is reflected on plane . The gravity vector is normal to the plane defined by the  and 

 axis. In this setup, the measurement tool can be loaded with a torque around , by 
attaching a mass to the bolt ( , see Figure 7.2) at the front of the measurement rod. 

The module is still equipped with the local processing PCB’s. In the experiment, these are 
referred to as BOX2 and BOX3. They are connected to the central processing PCB (BOX1), 
which is linked to a pc. The laser vibrometer and autocollimator are linked to the pc as well. 
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7.2 Modeling 

Test setup A (Figure 7.3a) is used, without the measurement tool and without the external 
measurement devices (laser vibrometer and autocollimator). An input signal is sent to the 
motors and the output of the Nemo3 encoder is used as the feedback signal. 

The input is a chirp signal with a frequency varying between 0.01 and 40 Hz. The signal is 
repeated several times with 50 % overlap to improve the coherence between the input and 
output signal.  

 
 

Figure 7.4 Frequency response measurement of BOX2 and BOX3. The outgoing bevel gear is 
attached. The magnitude represents the ratio between actuator torque [PWM] and 
encoder position [rad]. Coherence drops after  Hz since this is the highest frequency in 
the input signal. 

 
The results in Figure 7.4 indicate that the system behaves as a second-order system over the 
entire input signal bandwidth, with good coherence up to 20 Hz. Regarding the maximum 
frequency value of 10 Hz during microsurgery, this is acceptable. 

The frequency responses of BOX2 and BOX3 are identical, which was expected since the 
module halves are identical as well. Dynamical coupling from the actuator torque of BOX2 to 
the encoder of BOX3 and vice versa is negligible.  
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The system can thus be controlled as a multi-loop SISO system, and the frequency response 
function for both boxes can be approximated by a second-order mass-damper system, given in 
Equation (7.01), 

 ,
.

	 .
. (7.01) 

 

 
7.3 Identification 

To compensate for friction in the drive train, a feed-forward controller is designed. A number 
of measurements have been performed on the differential module halves. In these 
experiments, test setup A (Figure 7.3a) is used without the external measurement devices. The 
driven bevel gear has been removed from the differential gear unit, i.e. the module halves are 
measured separately. The input signal is sent to the motor and the output of the Nemo3 
encoder is used as a feedback signal. 

 
7.3.1 Friction-Velocity Maps 

The Coulomb and viscous friction in the module’s gearboxes can be determined by 
identifying each box separately. Each box is controlled by a 10 Hz lead-filter. The input is a 
constant velocity reference signal. The experiment is repeated for several values within a 
velocity range of 2.5, 2.5 	rev/s of the motor gear, equal to a maximum absolute velocity of 
the end effector tip of about 100 mm/s. 

 
 

Figure 7.5 Normalized motor torque-velocity of BOX2. The friction in the drive train can be 
described by a coulomb friction component and a linear viscous friction component. The 
large deviations (blue circles) indicate that a position-dependent friction component 
exists. 
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Results of the friction-velocity experiments can be found in Figure 7.5, which indicates the 
presence of a Coulomb friction component and a linear viscous friction component. The large 
deviation indicates that a position-dependent friction component exists. The average Coulomb 
and viscous friction coefficients are listed in Table 7.1. 

 

Table 7.1:  
Coulomb and viscous friction coefficients derived from the experiments. 
 

 Viscous Coulomb 
 0 

[ / ] 
0 

[ / ] 
0 

[ ] 
0 

[ ] 
BOX2 0.017 0.017 0.14 0.14 
BOX3 0.017 0.017 0.14 0.14 

 
Whereas  is the measured actuator torque normalized against the maximum actuator torque,  

6.0 N/mm. Regarding the maximum velocity of 20 mm/s at the tip of the instrument 
during microsurgery, Coulomb friction is most significantly present during operating 
conditions.  

 

7.3.2 Friction-Position Maps 

The position-dependent friction can be determined by using the same test setup as described 
in the previous experiment, and applying a single constant velocity reference signal. Position-
dependent friction can be caused by gravity, eccentricity of gears, or deviations in gear tooth 
profiles.  

The influence of gravity has been eliminated from the experiment by aligning the axis of 
rotation of all gears in the drive train with the gravity vector (see Figure 7.1). The eccentricity 
of gears and irregularities in gear tooth profiles may still be present and can cause a 
reoccurring friction cycle. 

 

Table 7.2:  
Drive train gear properties. 
 
 Number of teeth Revolutions  

in one cycle 
Gear frequency 

at 2  rad/s 
Motor gear 20 64 21.33 Hz 
Reduction gear A 
Reduction gear B 

160	
60 

8
8 

2.67 Hz 
2.67 Hz 

Encoder gear 120 4 1.33 Hz 
Outgoing gear 160 3 1.00 Hz 
 
Table 7.2 shows the number of teeth for each gear in the drive train. Three revolutions of the 
outgoing gear have to be made to get all gears back in their initial position. This is referred to 
as a drive train cycle.  
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To determine a friction position-map, the actuator input of the closed-loop system and 
encoder position is logged during a full drive train cycle. 

Figure 7.6 shows the position-dependent friction for movement in positive direction, when a 
constant velocity input signal ( 2  rad/s) is sent to the motor.  

 
 

Figure 7.6 Position-dependent motor torque (normalized) of one gear cycle for movement in 
positive direction. 

 
Some dominant frequencies can be found in the gear cycle. These have been identified using a 
Fourier transformation, shown in Figure 7.7. Peaks can be seen at 1.00 Hz, 1.33 Hz, and 2.67 
Hz, corresponding with the gear frequencies specified in Table 7.2. Remaining peaks are 
caused by harmonics of these frequencies.  

 
 

Figure 7.7 Discrete Fourier transformation of the position error (positive reference slope). The peaks 
correspond with the gear frequencies (and the higher harmonics) of Table 7.2. 

 
Similar results have been found for movement in negative direction.  
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The results imply that both gear eccentricity and gear tooth profile are a source of friction, 
with a mean friction value comparable to 23.5 % of the maximum motor power (equal to a 
motor torque of 1.4 Nmm). 

 

7.3.3 Position-dependent Coulomb friction 

To further identify the position-dependent coulomb friction in the drive train, the break-away 
torque is measured at several positions. The position-dependent break-away torque values are 
used to create a feed forward controller for the coulomb friction. Break-away torque has been 

identified over a range of motion of ,  rad of the driving bevel gear.  

The motor torque is slowly increased until the drive train starts moving. Once a certain 
position threshold is measured by the Nemo3 encoder, the actuator torque is divided by two. 
This puts the system at rest again.  These steps are repeated four times until the full range of 
motion of the driven bevel gear has been covered.  

At this point the direction is reversed and the break-away torque in negative direction is 
determined. When the process is completed, the total measurement is repeated four times to 
determine if there is a closed break-away torque loop. 

Measurement data are logged and averaged for each step. A linear interpolation through the 
measurement points provides a graph as shown in Figure 7.8. 

 
 

Figure 7.8 Position-dependent normalized motor torque, representing the Coulomb friction in the 
drive train. The black line is the average of the four measurements and the blue line is a 
linear interpolation. 

 
The measurement is performed separately for each MSR degree of freedom. Corresponding 
measurement results, as shown in Figure 7.8, are used to create lookup tables for feed-forward 
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controllers dedicated to a specific drive train. Each drive train can then be independently 
controlled (as a SISO system), using a position controller combined with a position-dependent 
friction compensating feed-forward loop. 

 

7.4 2DOF Tracking Performance with Position Dependent Feed Forward 
Controller  

The difference in performance of a 2DOF module with and without compensating for position 
dependent friction is shown by the following experiment. Test setup A is used, without the 
external measurement devices, and without the measurement tool. The two module halves are 
linked by the driven bevel gear.  

A position reference signal is sent to the motors in the module, being a sinus signal for a 
rotation around , whereas the rotation around  is held steady at zero. The sinus 
signal has a frequency of 0.1 Hz and 8 degrees amplitude, and a position controller (PID) 
with a bandwidth of 20 Hz is used for both boxes. The output signal of the Nemo3 encoder is 
used as the position feedback signal. 

Ideally, the motors will rotate with the same angular velocity in opposite direction.  

 
 

Figure 7.9 The driven bevel gear is to follow a sinus reference signal ( .  Hz and  degrees 
amplitude, dashed line) around . Without feed-forward, the magnitude of the 
tracking error around  is shown by the black line.  The tracking error decreases a 
factor  when the feed-forward controller (FF) is switched on (blue line). 

 
The results of the experiment are shown in Figure 7.9 and 7.10. The black line represents the 
situation without the feed forward controller, whereas the blue line shows the tracking 
performance with position-dependent feed forward control. 
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The tracking error (vertical axis in Figures 7.9 and 7.10) is calculated by taking the output 
signals of both Nemo3 encoders, and converting these to a derived angular position around 

 and  of the driven bevel gear. The derived angular position is then compared to the 
reference signal. 

Figure 7.9 plots the tracking error around  against time, for a sinus reference signal 
around . The graph shows that the error is proportional to the angular velocity of the 
reference signal, and that a certain amount of virtual play exists when changing direction.  

Without feed-forward, the maximum tracking error around  is equal to 14 mrad, or 10 % 
of the amplitude of the reference signal. When changing direction, the velocity of the 
reference signal goes to zero, and the integrator action on the controller is able to reduce the 
tracking error. The position-dependent feed forward controller decreases the maximum 
tracking error by a factor 8, i.e. a maximum error of 1.7 mrad (1.2 % of reference signal 
amplitude).  

Figure 7.10 shows the tracking error around  for a sinus reference signal around . 
The tracking error is again proportional to the angular velocity of the reference signal. 

 
 

Figure 7.10 Tracking error around  for a sinus reference signal ( .  Hz and  degrees amplitude, 
dashed line) around . The tracking error decreases a factor  when the feed-
forward controller (FF) is switched on (blue line). 

 
The maximum tracking error without position-dependent feed-forward is equal to 6 mrad 
( 4.3% of reference signal amplitude). When feed-forward control is switched on, the 
maximum tracking error is reduced to 0.5 mrad (0.4 %), which is a reduction by a factor 12. 

Note that measurement results are obtained from the Nemo3 encoder, thus do not specify the 
behavior of the outgoing axis of the differential gear. Also, only the position-dependent 
friction between the motor gear and the encoder disk has been measured. Friction between the 
reduction gear and the driven bevel gear is thus unknown and uncompensated for. 
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7.5 2DOF Bidirectional Precision Experiments 

In these experiments, test setup A and B (Figure 7.3a and 7.3b) are used, with the external 
measurement devices, and with the measurement tool. The two module halves are linked by 
the driven bevel gear.  

The measurement tool is placed in a reference position (as depicted in Figure 7.1), and the 
encoder signals from both module halves are logged. Similarly, absolute measurements of 

 and  of the measurement tool are provided by the laser vibrometer and 
autocollimator. The corresponding position data ( 0, 0) is referred to as the 

reference data. 

A position controller with a strong integrator and a bandwidth of 20 Hz, combined with  
position dependent friction compensation, is used for both boxes. The dc motors are slowly 
driven in positive direction, until the system is in steady state at a certain encoder setpoint.  

The measurement tool is actuated back to its initial position and again allowed to converge to 
a steady state. Next, the final position of the measurement tool (expressed in values for  
and ), as measured by the Nemo3 encoders as well as by the external measuring devices, 
is registered. These steps are repeated 13 times in both positive and negative direction. 

The final position data is compared to the reference data, whereas the angular error 
corresponding to each step is translated to a positional error at the tip of the MSR end effector 
link (located at a distance of 160 mm from the  axis, and 160 mm from the   axis). 

 
 

Figure 7.11 The measurement tool is actuated around the  axis, to a certain encoder setpoint 
and back to the reference position until the system is at rest. Final position of the 
measurement tool is measured by the Nemo3 encoder (black) and by a combination of 
laser vibrometer and autocollimator (blue). The error with respect to the reference 
position is logged. 
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Results in Figure 7.11 give an indication of the bidirectional precision of the drive train, when 
an unloaded measurement tool is actuated around .  

A clear difference can be seen between data from the Nemo3 encoders (black line) and the 
absolute measurement devices (blue line). This is especially noticeable around the axis of 
actuation ( ), where the Nemo3 encoder data indicates a bidirectional precision of 15 µm, 
as opposed to 40 µm for the absolute measurement data. Around the  axis, bidirectional 
precision is equal to 12 µm as measured by the Nemo3, and 12 µm based on the absolute 
measurement data. 

The variation in measurement points is equal for positive and negative motion. The mean 
value of these points appears to be different, as a positive motion around  seems to cause 
the measurement tool to drift in the positive  direction, and vice versa. 

Figure 7.12 presents the results when an unloaded measurement tool is actuated around . 

 
 
 

Figure 7.12 The measurement tool is actuated around the  axis, to a certain encoder setpoint 
and back to the reference position until the system is at rest. Final position of the 
measurement tool is measured by the Nemo3 encoder (black) and by a combination of 
laser vibrometer and autocollimator (blue). The error with respect to the reference 
position is logged. 

 
These results show a similar graph as depicted in Figure 7.11, whereas the largest variations 
are now found along the  axis. Around this axis, the Nemo3 encoder data indicate a 
bidirectional precision of 9 µm, and 70 µm for the absolute measurement data.  

The gap between data points from the absolute measurement devices may indicate the 
presence of play in the bevel gear transmission. Around , bidirectional precision is equal 
to 21 µm for the Nemo3, and 22 µm for the absolute measurement data. 
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The difference in variation of measurement points along the actuated degree of freedom, 
provided by the Nemo3 encoder and the absolute measurement devices, is caused mainly by 
friction in the drive train. A part of this friction has been compensated for by the position-
dependent feed-forward controller.  

Friction between the reduction gear and the driven bevel gear creates a discrepancy between 
the actual angle of the measurement tool, and the angle measured by the Nemo3 encoder. This 
can most significantly be improved by optimizing the mechanical properties of the drive train 
(the bevel gear transmission in particular).  

Measurement data from the Nemo3 encoder and the absolute measurement devices (as seen in 
Figure 7.11 and 7.12) give an almost equal result in terms of variation in the non-actuated 
degree of freedom. This implies that the absolute value of friction between the reduction gear 
and the driven bevel gear does not have a significant effect.  

Variation along the non-actuated axis of rotation can be considered as an artifact of the 
actuated degree of freedom. The differential gear is driven by two parallel drive trains, 
whereas the differential gear output is defined by the relative output angle between the two.  

Since the measurement tool is actuated and controlled in one degree of freedom only, a 
difference in friction in the two drive trains will affect the non-actuated degree of freedom.  A 
cross coupling controller [87-89] may be able to reduce this effect. 

Note that the positional variation is proportional to the length of the actuated link in the MSR 
manipulator (see Section 3.2). An actuated link length of 160 mm is applicable to rotations  
and , whereas other link lengths in the MSR are all shorter, down to 5 mm for rotation . 

In future development of the MSR, reduction of drive train friction and play will be a key 
issue in terms of achievable performance. 

 

 

7.6 Master-Slave Coupling 
 
In the following experiment, the degrees of freedom of a fully assembled master and slave 
manipulator (Figure 7.13) are coupled one-on-one (i.e.  is coupled to , 

 is coupled to , etc.). 

The master manipulator is manually given a random trajectory, which is reproduced by the 
slave manipulator. Motion scaling and tremor filtration are not included in this experiment. 

Each degree of freedom in the slave manipulator is controlled as a SISO system, using a PID 
controller with a bandwidth of 15 Hz. Position-dependent feed-forward is not used in this 
experiment, as the friction values have not yet been identified for all modules. 
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In the master manipulator, all joint angles are measured and used as six separate reference 
signals, which are sent directly to the corresponding joints in the slave manipulator. The 
actual angular output signal of the slave manipulator joints is then compared to the master 
manipulator joint reference signals. Joint angles are measured by the Nemo3 encoders. 

   
 

                                           (a)                                                                            (b) 
 

Figure 7.13 A fully assembled slave manipulator (a) is controlled by a fully assembled master 
manipulator (b). 

 
Figures 7.14 until 7.16 show the results for joint angles , , and . 

 
 

Figure 7.14 The magnitude of the  component of a random reference trajectory (black), imposed 
manually on the master manipulator, is tracked by the  joint in the slave manipulator. 
The magnitude of the tracking error around  is depicted in blue. 

 
In these results, the magnitude of the reference trajectory and output signal show close 
resemblance.  
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The magnitude of the tracking error (blue) is defined as the difference between the 
magnitudes of the reference and output signal. 

 
 

Figure 7.15 The magnitude of the  component of a random reference trajectory (black), imposed 
manually on the master manipulator, is tracked by the  joint in the slave manipulator. 
The magnitude of the tracking error around  is depicted in blue. 
 
 

 

 
 

Figure 7.16 The magnitude of the  component of a random reference trajectory (black), imposed 
manually on the master manipulator, is tracked by the  joint in the slave manipulator. 
The magnitude of the tracking error around  is depicted in blue. 

 
Figures 7.14 until 7.16 show that the slave manipulator is able to reproduce the trajectory 
measured by the master manipulator. 
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Without using position-dependent friction compensation, the maximum error is in the order of 
0.01  rad (for , see Figure 7.16). Results for the  degree of freedom also show an 
increased error when the direction of movement is reversed. This indicates the presence of 
(virtual) play in the slave manipulator. In joints  and  the tracking error is significantly 
smaller. 

The tracking error is proportional to the angular velocity of the reference trajectory. This is 
caused by the integrator action in the controller.  
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Conclusions 
 
In this thesis a novel robotic system is proposed, able to assist during microsurgical 
procedures. The robot can be used for reconstructive surgery procedures involving 
microsurgical techniques, which are becoming more and more common. The number of 
surgeons capable of performing such techniques manually is limited, causing long waiting 
lists, as is the case for DIEP breast reconstruction. The demand for reconstructive surgery is 
expected to increase, whereas the capacity of microsurgeons will remain inadequate.  

The robotic solution is based on maintaining work methods and infrastructure in the operating 
room (OR). An extensive analysis of these conventional methodologies has been combined 
with a review of currently available alternative solutions. This has led to the design of a new 
master-slave system, called the Micro Surgical Robot (MSR).  

The MSR is able to enhance the surgeon’s physical performance during microsurgery, by 
offering motion scaling and tremor filtration. The design objective of the MSR is to offer a 
precision of 30 µm, as opposed to the 100 µm precision that can be achieved conventionally 
by expert microsurgeons. 

Aside from offering improved performance, the MSR design concept is focused on safety, 
ease-of-use, and cost-effectiveness.  

The MSR system makes use of components already present in the OR. A surgical microscope 
is used for visual feedback, whereas actual microsurgical instruments are held and actuated by 
the slave manipulators. Up to four slave manipulators can be mounted to a central ring-shaped 
suspension, allowing multiple surgeons to work cooperatively in the same operation site. The 
number of slave manipulators mounted on the ring can be chosen according to what is 
considered useful during a certain microsurgical procedure. An equal number of master 
manipulators are mounted to the side rail of the surgical table. This creates a versatile system, 
minimally obtrusive in the OR. 

Kinematics of the MSR manipulators are based on the movements of a human hand holding a 
microsurgical instrument. The range of motion and dexterity of the manipulators are 
compatible to what is required during conventional microsurgery. The manipulators offer a 
6DOF movement of the instrument, 1DOF actuation of the instrument, and a 1DOF manually 
controlled initial position of a slave manipulator with respect to the operation site.  

Multiple slave manipulators share a biconical reachable workspace (radius 30 mm, half-
height 45 mm), in which precision and dexterity is highest. During microsurgery, the 
operation site can generally be defined as a cylindrical volume of ∅20 20 mm. 

The mechanical design of an MSR manipulator is highly symmetrical. Identical 6DOF 
positioning mechanisms are used in both master and slave manipulator. This mechanism 
consists of three identical modules, serially linked, each equipped with a parallel actuated 
differential gear (filed under PCT application).  
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Two identical module halves (each containing an independently functioning drive train and 
measurement system) collaborate to actuate and control a 2DOF differential gear output. As a 
result, a limited number of different components is used and the functionality of each module 
or subassembly can be tested before final assembly of an MSR manipulator.  

The kinematic layout of a manipulator is such, that its degrees of freedom are balanced 
against gravitational pull. Moreover, a force limited to 0.5  N can be applied at the end 
effector. All degrees of freedom (except the 1DOF instrument actuation) are backdrivable, 
and can thus be overridden manually at any time. This creates an inherently safe system. 

Further safety features include redundant angular encoders and actuator current measurement. 
The system is controlled as a multi-loop SISO system, each degree of freedom having its own 
local processing PCB, dc motor, and absolute encoder. Local processing PCB’s are separately 
linked to an embedded pc via a central processing PCB, which calculates the control setpoints 
for each degree of freedom and validates the system’s performance using an external 
monitoring circuit. 

The MSR design concept has been translated to a proof-of-concept, consisting of two slave 
manipulators, mounted on a suspension ring, and two master manipulators. A number of tests 
have been performed, whereas preliminary results indicate a bidirectional precision at the 
slave end effector of about 70 µm. Other specifications can be found in Table 8.1. Through 
optimization of the control software, a bidirectional precision down to 30 40 µm (limited 
by the mechanical properties of the drive trains) could be achieved. 

 

Recommendations for Future Research 
 
The system is functionally operating, but further optimization needs to be done. From a 
control perspective, the robot provides a very powerful test setup to explore haptics research 
in general and scaling issues in particular.  

As a next step, tests should be performed by surgeons in a non-clinical setting, to indicate if 
the MSR system is suitable to be used during microsurgical procedures. After that, a phase of 
clinical test procedures should be planned. 

Based on the concept presented in this thesis, other applications might be interesting, for 
instance in micro-manipulation and manufacturing.  

Some mechanical aspects of the robot could be further improved. The type of drive train used 
in the 6DOF positioning mechanism is currently a source of friction and play. Mechanical 
optimization (e.g other gear configurations or materials) or alternative drive train solutions are 
expected to lead to a significant increase in performance. 

A master manipulator end effector, providing an intuitive user interface able to control the 
1DOF instrument actuation mechanism, is currently still missing in the MSR design concept. 
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Using feedback from surgeons, the current proof-of-concept model should be developed 
further, to create a system that is highly dedicated to their desired application. This could be 
achieved by designing an intuitive kinematic mapping between master and slave 
manipulators, adding several options for motion scaling and tremor filtration, or using the 
actuators in the master manipulator to provide haptic feedback.  

 

Table 8.1: 
Realized technical specifications of the MSR, compared to predetermined specifications (see Chapter 2), 
and to conventional microsurgery. 
 
 Conventional Micro Surgical Robot (MSR) 

 
  Predetermined 

specifications 
Realized 

specifications 
Precision 0.10 mm 0.03 mm 0.07 mm 
 
Controllable DoF 

 
7 

 
7 

 
7 

 
Reachable Workspace 

 
Cylindrical, 

Ø20	 	20 mm 

 
Cylindrical, 

Ø20 20 mm 

 
Biconical, 
30, 45 mm 

 
Type of manipulation 
 
Number of Manipulators 

 
Manual 

 
Up to 4 

 
Master-Slave 

 
Modular up to 4 

 
Master-Slave 

 
Modular up to 4 

 
Transmisson 

 
- 

 
Back-drivable 

 
Back-drivable 

 
Instruments 

 
Microsurgical 

instrument set, 
sterilizable 

 
Microsurgical  

instrument set,  
sterilizable 

 
Microsurgical  

instrument set, sterilizable 

 
Maximum Tip Load 

 
- 

 
0.5 N 

 
0.5 N 

    
Vision Surgical 

microscope 
Surgical 

microscope 
Surgical 

microscope 
 
Haptic Feedback 

 
Yes 

 
Yes, 3DOF 

 
6DOF (Optional) 

 
Motion Scaling 

 
No 

 
Yes, 20 100% 

 
Yes, 10 100% 

 
Tremor Filtering 

 
No 

 
Yes 

 
Yes 

    
Pre-operative time - 10 min Non-conclusive 
 
Post-operative time 

 
- 

 
10 min 

 
Non-conclusive 

    
Mass - 10 kg (total) 8 kg (slave total) 

6 kg (master total) 
 
Suspension 

 
- 

 
Microscope based 

 
Microscope based 

 
Size 

 
- 

 
Master/Slave: 

250 200 100 mm 

 
Master/Slave: 

250 200 100 mm 
 
Cost 

 
- 

 
€300.000 

 
€100.000 
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Appendix A 

Description of a Deep Inferior Epigastric 
Perforator (DIEP) Flap Procedure 

Breast reconstruction surgery following the Deep Inferior Epigastric Perforator (DIEP) 
method involves transplantation of autologous skin and fat tissue from the lower abdomen to 
the chest area (see Figure A.1). A DIEP vein and artery are identified in the patient’s lower 
abdomen. Simultaneously, the size of the free flap is determined, depending on the size of the 
reconstructed breast. For this reason, some patients need to gain weight before surgery.  

The selected DIEP vessels are tested if they are able to provide blood supply to the entire flap. 
Next, blood flow to the flap is closed off, and the flap is removed from the abdomen (see 
Figure A.1).  

 
 

Figure A.1 A DIEP flap has been dissected from the abdomen. 

 
At the chest the dissected DIEP vein and artery are anastomosed to the Internal Mammary 
(IM) vessel system behind the third or fourth rib. This part of the procedure requires 
microsurgical techniques.  

The flap is used to create a new breast for the patient, while the gap in the abdomen is closed 
by contracting and suturing the remaining tissue. This creates the effect of a tummy-tuck and 
leaves the abdominal muscles intact for quick recovery. At the end of the procedure, a nipple 
is reconstructed onto the new breast. 
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Before DIEP surgery the patient is placed on a surgical table in the supine position with arms 
directed downwards along the body. The patient is undergoing general anesthesia; vital body 
functions are monitored and breathing is regulated by mechanical ventilation. 

Anastomosis of the DIEP and IM vessel systems is a delicate procedure requiring 
microsurgical skills. Operating on a small scale requires special microsurgical instruments as 
well as visual support. Moreover, cooperation of a chief and assistant surgeon is necessary to 
complete the anastomosis within a set time limit. During anastomosis the surgeons are seated 
on stools face-to-face alongside the patient’s chest (see Figure A.2). 

 
 

Figure A.2 Position arrangement of staff and machinery during the anastomosis procedure in DIEP 
surgery. 

 
Instrument tables are placed over and near the patient’s legs. The circulating nurses are called 
upon to switch instruments. Both surgeons share a stereoscopic view through the microscope 
(covered by a plastic sheet, see Figure A.2 and A.3), which is suspended above the operation 
site by a floor stand placed aside the patient’s head. 

Using hand or foot control panels, the chief surgeon is able to adjust the position and 
magnification of the microscope head. Magnification is generally in the range of 20 25 . 
The microscope is equipped with an auto-focus mechanism and xenon illumination.  

The dissected free flap from the abdomen is placed next to the operating site on top of the 
chest bone, such that the chief surgeon has a direct and unobstructed view of the vessel 
systems. Wrapped in course mesh gauze, the flap is stapled to the patient such that the vessel 
systems can be properly aligned without tension.  
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Throughout anastomosis both surgeons’ elbows rest upon the surgical table with their wrists 
resting on the patient’s chest. Consequently, the patient’s breathing pattern does not affect the 
position of the surgeon’s hands with respect to the operation site.  

Before anastomosis can be performed on vessels located behind the ribs, a portion of bone 
must be removed. Typically, clearing a cylindrical volume of ∅20 20 mm between ribs in 
the thoracic wall is required to expose the IM vessel system.  

 
 

Figure A.3 Both surgeons share stereoscopic microscope, which provides a  magnified top view 
of the operation site. 

 
During anastomosis, the chief surgeon typically employs a needle holder and forceps. The 
assistant surgeon generally uses microscissors, forceps, or a syringe. Instruments may be 
switched during anastomosis. Both surgeons need to be able to control instruments either left- 
and right-handedly.  

Exposure of the operation site is sustained by a set of retractors. A drain tube is supplemented 
to expel excessive amounts of fluid. 

The IM vein and artery run parallel to the chest bone, from the collar bone to the lower 
abdomen. During anastomosis, the donor vessels from the DIEP flap are to be aligned along 
the same axis, causing the suture track between the DIEP and IM vessels to run in a transverse 
plane. 

Microsurgical anastomosis of the DIEP and IM vessels demands mastering a complicated and 
specific operation technique. Constraints inherent to the operating scene, caused by the 
surgeon’s position relative to the operation site as well as the accessible working area, impose 
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a limit on dexterity and range of motion. Thus, the surgeon’s actual capabilities are reduced 
significantly.  

The use of a surgical microscope further restrains the operating procedure. The microscope is 
positioned above the operation site. The surgeon’s eyes need to be aligned with the eyepieces, 
and held fixed for an extensive period of time. This leads to a static body posture during 
surgery. Combined with high levels of concentration and relatively small hand movements, 
this creates a highly strained work environment. 

A DIEP procedure can be divided into a set of tasks including patient preparation, anesthetic 
process, mastectomy, flap preparation, anastomosis, tissue reconstruction and wound closure. 
The total extent of time required to successfully complete a DIEP procedure may be up to 16 
hours, relying on type of surgery required, staff and surgeon experience, and the incidence of 
complications during surgery. For this analysis, the area of interest is mainly in the process of 
anastomosis. 

During flap transplantation, blood circulation in the transferred tissue is temporarily broken 
off, causing ischemia. Long periods of ischemia will provoke inflammatory reactions and, 
eventually, necrosis. To prevent (partial) flap loss during DIEP surgery, duration of ischemia 
is limited to 1½ hours. 
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Appendix B 

MSR Encoder Datasheets 

 
 
 

Figure B.1 Datasheet Nemo3-SF (technical description). 
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Figure B.2 Datasheet Nemo3-SF (technical dimensions). 
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Appendix C 

MSR Bearing Calculations 

In the MSR, the six degrees of freedom of the end effector are formed by rotations , , , 
, , and  (see Figure C.1). A universal joint is added to form a virtual wrist joint, 

comprised of rotations ′  and ′ . A parallelogram link, able to rotate around ′  and ′ , 
connects modules A and B.  

 
 

Figure C.1 Axial Load-Stiffness graph of an EZO MR85 bearing for different axial preload forces. 

 
The manipulator modules are linked by bearings of type MR128 ( , , , , , ′ , ′ , 
′ , and ′ ) and type 6704 ( ). The MR128 bearings are symmetrically aligned around the 

center of gravity of their corresponding moving mass. Module A is unilaterally suspended in 
the manipulator base.  

The manipulator is modeled using the Matlab Simulink SimMechanics toolbox. The links are 
oriented in the initial position (see Figure C.1), and all joint angles are fixed. A force of 1.0 N 
is modeled at the end effector, in different directions ( , , , see Figure C.1). The bearings 

are loaded by gravity as well as by forces induced on the manipulator end effector. 

Table C.1 shows the corresponding maximum bearing forces. These are split into an axial and 
a radial component (per bearing), caused by gravity as well as by the force on the end 
effector. 
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Table C.1: 
Maximum radial and axial forces on the MSR bearings (see Figure D.1) that produce the external degrees 
of freedom, caused by an end effector load and by gravity. 
 
Rotation 

axis 
Bearing  

type 
Mounting 

width [mm] 
End effector load (1 N) Gravity 

 
 Radial Force 

[N] 
Axial Force 

[N] 
Radial Force 

[N] 
Axial Force 

[N] 
 
 
 
 
 
 

 

6704 
MR128 
MR128 
MR128 
MR128 
MR128 

 

45.0  
65.5	
53.5	
37.5 
53.5	
37.5 

2.5
0.7
0.2	
0.9	
1.2	
3.3 

1.3
0.5
0.9	
0	
0.5	
0.5 

0	
5.2	
1.5	
1.5	
0.5	
0.3 

5.2
0
0	
0	
0	
0.3 

′  
′  
 

MR128 
MR128 

20.5	
41.5 

2.8
1.0 

0.4
0.4 

3.5	
3.5 

0
0 

′  
′  

MR128 
MR128 

17.5	
7.5 

6.0
0 

0
0.9 

0.1	
0.1 

0
0 

 
Table C.1 indicates that a significant part of the bearing forces is caused by gravity. When a 
load of 1.0 N is applied to the end effector, the highest force on any of the bearings is around 
6.5 N, occurring on the four bearing pairs in module A.  

An MSR design feature is that the bearings are orientated such that they are mainly subject to 
a radial load. This is the preferred loading direction for deep groove miniature ball bearings. 
Table C.1 shows that the -bearings are mainly loaded in axial direction; here type 6704 
bearings have been selected for their higher load rating. 

Rotating components of the drive trains inside the modules are mounted on MR85 bearings. 
The bearings supporting spur gears are subject to radial load only, whereas the bearings 
supporting the bevel gears are loaded axially as well. 

Figure C.2 shows one side of a module’s parallel drive train, without the encoder gear, but 
including the driven bevel gear and its outgoing shaft. This shaft is loaded by a torque 
( 128 Nmm), equal to the maximum motor torque ( 6.0 Nmm) multiplied by the 
transmission ratio ( 21.3). The drive train is in a static equilibrium. 

For each meshing spur gear pair, the transmission forces consist of a tangential force and a 
separating force. The tangential force  on the driven gear is equal to 

 . (C.01) 
 
Whereas  is the torque delivered by the driving gear with radius . With gear pressure angle 

, the separating force  on the driven gear is equal to 

 . (C.02) 
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Equal forces  and  act in opposite direction on the driving gear. 

 
 

Figure C.2 Gear transmission forces in the MSR drive train. 

 
Figure C.3 shows how the gear bearings are aligned with respect to the gear lines of action. 
The transmission force on the motor gear results in an asymmetrical load on the motor shaft 
bearings. In the reduction gear, transmission forces are directly converted to a radial load onto 
gear bearings (1) and (2), without resulting in an additional moment.  

 
 
 

Figure C.3 Gear transmission forces in the MSR drive train. 

 
The transmission force on the bevel gears results in a separating force directly aligned with 
gear bearings (4) and (5), as shown in Figure C.3.  
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The axial force on the bevel gear teeth results in a moment, causing an additional radial load 
on the gear bearings (3) and (6). 

For straight bevel gears, the separating force and axial force are dependent on the pitch cone 
angle . The value of  is equal to	 4⁄  in modules B and C. Module A has a different 
transmission ratio between the bevel gears, thus resulting in 0.588 rad for the driving 
bevel gear and 0.983 rad for the driven bevel gear. 

The resultant forces on the gear bearings are given in Table C.2. 

 

Table C.2: 
Maximum radial and axial forces on the MSR bearings (see Figure C.3) in the drive trains, caused by 
maximum motor torque. 
 

Gear 
bearing 

Type Module B + C 
 
 

Module A 

  Radial [N] Axial [N] Radial [N] Axial [N] 
1 MR85 2.6 0 2.6 0 
2 MR85 6.8 0 6.8 0 
3 MR85 6.8 1.1 6.8 0.8 
4 MR85 8.8 1.1 8.4 0.8 
5 MR128 /6704 8.8 2.2 8.2 2.4 
6 MR128 / 6704 0.9 2.2 1.3 2.4 

    
   Motor shaft bearings: 

    

Front Ball bearings, preloaded 
Ball bearings, preloaded 

4.3 0 4.3 0 
Rear 1.8 0 1.8 0 

 
Table C.2 shows the highest forces occur in the bearings at the front of the drive train, in 
bearings 4 and 5 supporting the bevel gears (see Figure C.3). The shafts supporting the bevel 
gears are mounted in the bearings listed in Table C.1.  

During operating conditions, it may be possible that the resultant forces on bearings 4 and 5 
have the same direction as the forces in Table C.1. Therefore, these values are added to give 
an approximation of the minimum required axial and radial preload forces. 

Bearing types MR128 and 6704 are very similar regarding the required preload force. Bearing 
type 6704 is used in module A because it has a larger bore diameter, which allows data 
communication and power wires to be passed through (see Chapter 5). 

The motor shaft bearings are an integral part of the Faulhaber dc motors. These are available 
as sintered sleeve bearings or as preloaded ball bearings. Considering the maximum radial 
load during operating conditions, preloaded ball bearings are preferred. 

In the MSR, a bearing duplex set is preloaded by means of an interlocking spacer tube. The 
preload force is thus controlled by the length of the spacer tube. 
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Two deep groove ball bearings used as a duplex set can be regarded as a back-to-back pair of 
angular contact bearings. In [90], a calculation method based on deflection and preloading of 
angular contact bearings is given. A graphical depiction of relevant bearing parameters is 
given in Figure C.4. 

 
 

Figure C.4 Graphical representation of the bearing parameters used in the calculations (source [90]). 

 
The corresponding MSR bearing parameters are listed in Table C.3, with bore diameter , 
outer diameter , bearing width , number of balls , ball diameter , and static radial 
load rating . The radial clearance indication MC3 implies a maximum radial play of 8 µm.  

 

Table C.3: 
EZO MR85, MR128, and 6704 bearing parameters used in the preload calculations. 
 

Type dbore 
[mm] 

douter 
[mm] 

b 
[mm] 

Z 
[-] 

D  
[mm] 

C0r 
[N] 

 

Material Tolerance 
class 

Radial 
clearance 

MR85 
MR128 
6704 

5.0	
8.0	
20.0 

8.0
12.0	
27.0 

2.0	
2.5	
4.0 

8
12
18 

1.0
1.2
1.6 

120
274
729 

Cr Steel 
Cr Steel 
Cr Steel 

ABEC3 
ABEC3 
ABEC3 

MC3 
MC3 
MC3 

 
The bearing inner rings are mounted on a shaft ( ), whereas the outer ring is mounted in a 
housing ( , Figure C.5). One end of the shaft provides a fixed reference plane ( ) for the 
bearing set. A nut ( ) is screwed onto the other end of the shaft, tightening all interlaying 
parts. The length  of the interlocking spacer tube (  in Figure C.5) determines the axial 
preload force. 
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In Figure C.5,  is defined as the distance between the two opposing faces of the bearing 
outer rings. The length of the spacer tube,  , can then be calculated by 

 2 2 . 
 

(C.03) 

Here,  is the axial bearing play, and  is the axial displacement of the bearing inner ring 
relative to the outer ring, under a certain preload force. 

 

 
 

Figure C.5 Section view of a mounted and preloaded bearing duplex set. 

 
The axial bearing play is defined by the initial contact angle , 

 1 , 

 
(C.04) 

 , 
 

(C.05) 

 2 	 , (C.06) 
 
with  the radial bearing play,  the distance between the centers of curvature (  and ) of 
the inner and outer ring grooves.  

When the bearing is loaded by an axial force , the contact angle  and deflection  can be 
calculated using 

 sin 1
.

, 

 
(C.07) 

 	
. (C.08) 
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Where  is the load-deflection constant for the bearing material ( 2.8 10  N/mm2). 

The radial force is equal to 

 . 

 
(C.09) 

Table C.4 shows the axial load and corresponding displacement that produce the minimum 
required axial and radial preload forces per bearing type. 

 

Table C.4: 
Minimum required axial and radial preload force per bearing type used in the MSR. 
 

 
 
 

Bearing type 

Required preload force 
 

Axial load  
[N] 

Axial displacement 
[μm] 

Spacer tube 
length reduction 

( )  
[mm] 

 

Radial  
[N] 

Axial  
[N] 

 
MR85 10 2.5 2.9 2.7 0.128 
MR128 20 7.5 7.5 4.1 0.143 
6704 20 10 10 4.4 0.165 
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Appendix D 

MSR Gear Train Test Results 

A test setup has been designed, able to apply a rotation to the outgoing axis of a differential 
gear, whereas the corresponding reaction force is measured. The test setup consists of a 
tensile stage mounted on a metrology frame, and a slightly modified MSR module. The 
tensile stage is a Kammrath & Weiss Tensile/Compression module [91], equipped with a 10 
N load cell (see figure D.2). 

A displacement is applied onto an instrument dummy connected to the outgoing gear in the 
differential unit (Figure D.1). The motor gears of the two parallel drive trains are fixed. The 
instrument dummy consists of a mounting bracket ( ) and a fork ( ). The mounting bracket is 
rigidly fixed to the outgoing gear shaft.  

A pin ( ) is mounted to the end of the fork, at a distance of 125 mm from the heart of the 
differential gear unit. This pin is used to connect a load cell insert ( ), which is mounted in 
the tensile/compression stage.  

 
 
Figure D.1 MSR gear train test setup. 

 
The load cell insert consists of a threaded stud ( ), connected to a v-grooved block ( ) via a 
∅0.5 mm slender rod ( ). The v-grooved block is mounted to the pin in the fork by another 
block with an opposing v-groove ( ). The threaded stud is mounted directly onto the load cell, 
via a linear ball bearing in the front yoke. 
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The load cell of the tensile/compression stage is located between two lead screws. One of 
these lead screws goes through the legs of the fork in the instrument dummy.  

The reaction force measured in the load cell is assumed to be directed along the longitudinal 
axis of the slender rod. Other reaction forces and moments are minimized by the mounting 
process and are assumed negligible during the experiment. 

A counterweight ( ) is mounted to the rear of the instrument dummy, such that gravitational 
forces do not influence the measurements.  

The dc motors are replaced by fixed-shaft motor dummies ( , Figure E.1), blocking rotation 
of the motor gears. A reference beam ( ) is mounted to the side of the differential module. 

The differential module is mounted to a metrology frame ( ) using the threaded hole in the 
connector ring. The back plate of the metrology frame is manually be positioned at a distance 
from the tensile/compression stage mounting holes, such that the instrument dummy can be 
attached to the load cell with minimal residual reaction forces.  

The tensile/compression stage is rigidly fixed to the metrology frame, using the four mounting 
holes and the bolts encircled in figure D.2. 

 

 
 
 

Figure D.2 The Kammrath & Weiss tensile/compression stage [91]. 

 
All bolts in the test setup are carefully fastened in a particular order, such that the instrument 
dummy is properly aligned with the tensile/compression stage, and a minimal residual force is 
induced onto the load cell. 
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Before each measurement, the test setup is calibrated. The tensile/compression is connected to 
a pc such that the output signals from the load cell and the elongation gauge are displayed. 
The front yoke is moved to the zero position of its range. The force output signal is 
monitored. Forces up to 0.1 N are corrected electronically. Higher forces are corrected by 
mechanical adjustments. 

Figure D.3 shows the test setup after all components are properly aligned and fixed. 

The test setup is placed under a microscope, which is connected to a pc with image tracking 
software. During a measurement, the position of the pin at the end of the instrument dummy 
relative to the reference beam is recorded by the tracking software. Figure D.3 shows that a 
paperclip has been attached to the reference beam, to provide a reference mark closer to the 
pin. 

         
 

                                                                (a)                                                                                             (b) 
 

Figure D.3 The drive train test setup (a) consisting of a metrology frame, the Kammrath & Weiss 
tensile/compression stage, and an MSR module with instrument dummy. Displacement 
of the instrument dummy is measured by the tensile/compression stage’s elongation 
gauge, and by a microscope and tracking software (b). 

 
The tensile/compression stage front yoke is driven with a constant speed equal to 5 µm/s, 
until the force measured by the load cell reaches a value of 0.5 N. Next, the direction of 
movement is reversed and the front yoke is driven with a constant speed of  5 µm/s until a 
value threshold of 0.5 N is measured. These steps are repeated ten times.  

The instrument dummy is loaded in x-direction only, corresponding to a maximum torque 
around the  axis, 62.5 Nmm. This value is equal to the maximum torque that 

may be required during normal operating conditions of the MSR slave manipulator. 

The output of the tensile compression stage consists of a force-time signal from the load cell 
and a synchronized displacement-time signal from the elongation gauge, with a constant 
sampling period of 20 ms. The elongation gauge measures the distance between the front and 
rear yoke, and is mounted on the front yoke. These yokes are symmetrically driven by two 
parallel lead screws, as can be seen in Figure D.2.  
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It is assumed that the absolute displacement of the front yoke (and consequently the 
instrument dummy) is half the distance measured by the elongation gauge. 

The microscope and tracking software provide a secondary displacement-time signal that is 
manually synchronized with the primary measurement. The relative distance output can be 
subtracted from the absolute distance measurement to compensate for stiffness other than that 
of the parallel drive train. 

Measurements are performed for different initial positions of the driving and driven bevel 
gears, such that any position dependency can be identified. During normal operating 
conditions of the MSR, the range of motion of the bevel gears is limited. Measurement data is 
linked to a marked position on the gears, such that an optimal initial position of the gears can 
be identified. 

Any hysteresis or play caused by the tensile/compression stage or by the instrument dummy 
has been identified in a reference measurement. The differential module has been removed 
from the test setup, and the instrument dummy is mounted directly onto the metrology frame.  

The reference test procedure is identical to what has been described previously. Results are 
shown in Figure D.4.  

 
 

Figure D.4 Reference test results. 

 
Figure D.4 shows that the reference test results are close to the measurement resolution of the 
tensile/compression stage. The graph is linear in both positive and negative direction, which 
implies the setup can be described as a single body with uniform constant stiffness. The 
measured stiffness is equal to 1.7 10  N/m. A stable hysteresis loop with a virtual play of 
around 1.0 µm indicates there is some friction in the reference test setup. 

One of the graphs from the drive train tests can be seen in Figure D.5. These results are 
corrected with respect to the reference measurement.  
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The graph shows a stable hysteresis loop, whereas the curved line indicates the drive train 
behaves as a multi-body system with multiple sources of friction. 

Figure D.5 shows that the stiffness of the parallel drive train is equal to 4.7 10  N/m at the 
end of the instrument dummy. The result does not clearly indicate any play in the gear train. 
This is because the driven bevel gear is mounted somewhat tightly against the driving bevel 
gears, at the cost of additional friction in the differential gear unit.  

 
 

Figure D.5 Drive train test results at the  position of the driven bevel gear. 

 
The amount of virtual play in Figure E.5 is equal to 34.7 µm. Values of virtual play at other 
gear positions are listed in Table D.1. 

 

Table D.1: 
Average measured virtual play at different initial positions of the driven bevel gear. 
 

Driven bevel  
gear position 

[rad] 

Virtual play  
[μm] 

 

0  34.5 

  34.7 

 34.8 

  34.3 

  
 34.6 

  
In the MSR slave manipulator, the end effector link has a length of 160 mm. The friction in 
the drive train would lead to a corresponding estimated virtual play equal to (at least) 44.3 µm 
at the tip of the end effector.  
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Appendix E 

Encoder Alignment and Test Results 
The unavailability of a user manual and alignment procedure for the Nemo3-SF has led to the 
creation of a test setup. The function of the test setup is to provide a quantitative measure for a 
number of tolerances, which are relevant for mounting the Nemo3-SF components in the 
MSR encoder unit. 

 
 

 

Figure E.1 Dimensions and positioning of the NEMO3-SF components. 

 
Figure E.1 shows a technical drawing containing the dimensions of the Nemo3-SF 
components and their relative positioning, as was available during the design of the MSR. 
Dimensions , , , , and  are given in Table E.1 below. Note that several dimensions 
are not specified in the drawings, and that positional tolerances are not included in the 
drawing at all. 

 

Table E.1: 
Parametrized dimensions of the Nemo3-SF components in Figure E.1. 
 

Type B  
[mm] 

OR  
[mm] 

ID  
[mm] 

D  
[mm] 

G  
[mm] 

 
Nemo3-SF-28 

 
13.8 

 
9.5 

 
5.0 

 
28.0 

 
0.35 

 
The drawing does not include any geometrical tolerances. According to Figure E.1, the 
scanning module should be positioned on plane A, which appears to be perpendicular to axis 
B. No information is specified about the geometric relation between the two. Manufacturing 
tolerances of the individual components are also left unspecified.  
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The position of the top surface of the scanning reticle with respect to the bottom surface of the 
scanning module is unknown. Neither are there any well-defined reference planes specified in 

 or  direction.  

Ideally, the code disk is mounted on a rotating shaft with axis of rotation B (see Figure E.1), 
perpendicular to the top surface of the scanning reticle. When rotated, the code disk grating 
passes over the scanning reticle while being illuminated from above by the LED. The light 
produced by the LED is collimated by an encompassing lens, creating a parallel bundle. 

In the MSR encoder unit (see Figure E.2), the scanning module is glued onto the top surface 
of the mounting plate ( ). The mounting plate contains a flange, whose outside radius is 
positioned against a precision milled circular reference plane on the side of the scanning 
module ( ), aligning it in  and . 

 
 

Figure E.2 Mounting of the Nemo3-sf components in the MSR encoder unit. 

 
The mounting plate contains two datum references (plane A, and axis B), whose relative 
geometrical alignment is defined by the machining tolerance. Both datum references are 
machined in a single fixture on a lathe, able to provide positional accuracy up to 3 µm. The 
deviation in perpendicularity of the datum references is considered negligible.  

A duplex pair of MR85 bearings is mounted in the central hole in the plate, along the length 
of the flange. The encoder drive shaft ( ) is mounted in these bearings. Bearing tolerances are 
defined according to the ABEC3 standard. Radial runout in the MR85 bearings can be up to 6 
µm, which may cause a variation in height between the code disk and scanning reticle up to 
40 µm. This can be reduced by using higher class bearings or a larger mounting width, or by 
incorporating an adjustment mechanism in the design. Because of the limited space available, 
this has not been done for the MSR.  
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The code disk is mounted onto the encoder drive shaft. The diameter of the hole in the 
encoder disk is measured, such that a tight fit with the drive shaft can be created. The bottom 
surface of the code disk is preloaded against a flange by means of a bolt pressing against an o-
ring ( ) and an insert ( ). 

The LED is mounted in the encoder housing ( ), whose bottom surface is aligned with the 
mounting plate’s top surface. Two locating pins ( ) align its planar position relative to the 
mounting plate. Positioning tolerances of the LED with respect to the code disk or scanning 
module are considered to be insignificant. 

Alignment tolerances in  and  of the scanning module relative to the mounting plate are 
found out by means of an experiment. The experiment is performed using a 3-axis vertical 
milling machine with digital readout. The milling machine provides a rotating milling chuck 
in a headstock which can be moved along the  axis, and a worktable which can be moved 
along  and .   

Via a drive shaft, the code disk is mounted in the milling chuck. The scanning module and 
LED are positioned on a frame which is fixed to the worktable. Worktable coordinates  and 

 can thus be converted to alignment in  and  between the scanning module and the code 
disk.  

Initially, the worktable and headstock are positioned such that the scanning module is 
correctly aligned with the code disk. Once the ideal alignment is achieved, the milling 
machine’s digital readout is set to zero. 

While the code disk is driven at 60 RPM, the worktable is moved in steps of 50 µm. This is 
done for a range of 0.15 mm in both  and  direction. In between each step the worktable 
is held stationary, and a 20 second sample of the output signal is stored on a pc. The output 
signal of the incremental sine and cosine tracks can be plotted against each other (  
function), or against time. 

 
 
Figure E.3 Three graphs showing the effect of encoder misalignment on the electrical signals 

produced by the two incremental tracks, as measured by an oscilloscope (  plot).  

 
Ideally, an  plot should present a perfect circle, centered at the origin (0 V, 0 V) with a 
constant radius of 1.0 V. Figure E.3 shows how actual oscilloscope results can be interpreted 
in terms of alignment quality.  
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Amplitude errors are mainly caused by an incorrect distance between the code disk and the 
scanning reticle in  direction. Offset errors are caused mainly by misalignment in radial 
direction. Both these errors are automatically compensated by signal conditioning on board of 
the scanning module. If the offset error is too large, a loss of data will occur.  

Misalignments in  produce a phase error. Phase errors cannot be compensated by signal 
conditioning; mechanical adjustment is required. 

Results in Figure E.4 show the output of the Nemo3-SF scanning module for varying 
alignment errors in  and  direction. These indicate that there is a strong dependency 
between alignment error in  direction and signal quality. This alignment error is directly 
related to an error in , causing a phase error in the output signal. According to the Nemo3-SF 
datasheet ([92], currently commercialized by Avago), the alignment error in x direction 
should be less than 50 µm, measured from the code disk axis of rotation), thus keeping the 
signal error between 100 mV. 

  
       (a) 

 
        (b) 

 
 

  
         (c) 

 
         (d) 

Figure E.4 Encoder alignment test results: (a)  plot for varying  alignment, (b) time-plot 
for varying  alignment, (c)  plot for varying  alignment, (d) time-plot for 
varying  alignment. 
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The dependency between alignment error in  direction and signal quality is less visible from 
the test results. The Nemo3-SF datasheet [92] provides a tolerance of 20 µm, measured from 
the code disk axis of rotation. 

Another way to find the required alignment tolerances is by using an optical method. The 
encoder unit is fully assembled without the LED, whereas the scanning module is not glued to 
the mounting plate yet. A microscope optical axis is aligned with the center of the scanning 
reticle. The scanning module is moved until it is symmetrically aligned with the code disk 
tracks. This is done using several markers on the scanning reticle (Figure E.5).  

The code disk is rotated, to verify correct alignment along a complete revolution. The 
alignment quality is assessed by a precision mechanic. The alignment tolerance in  direction 
has been found to be 10  µm, whereas an equal value of ±10 µm has been taken for 
alignment in  direction. This is significantly smaller than specified in [92]. 

 
 

Figure E.5 Optical alignment of the Nemo3-SF is realized by positioning the markers on the scanning 
reticle within  μm along the incremental tracks on the code disk (encircled / red).  

  
When optical alignment is completed, the encoder components are fixed in the encoder unit 
and connected to a power supply, output, and actuator. The code disk is driven by the actuator 
and the encoder output is connected to an oscilloscope. The sine and cosine incremental tracks 
are plotted against each other (  function) to recreate the circular output signal, as a 
secondary check up. 

 
 

Figure E.6 Nemo3-sf mounting tolerances determined by the alignment tests. 

 
Final manufacturing tolerances for the mounting plate and scanning module are shown in 
Figure E.6. 
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Appendix F 

MSR Instrument Actuation Mechanism 
The MSR slave end effector contains an actuation mechanism for an actual microsurgical 
instrument. The actuation mechanism consists of two rollers mounted at fixed distance on a 
sliding carrier. The rollers hold the instrument handles, whereas the front hinge of the 
instrument is held stationary by a plate (see Section 4.8). When the sliding carrier is translated 
along the length of the instrument, the instrument handles are wedged between the rollers, 
thus actuating the instrument jaws. 

 
 

Figure F.1 Critical dimensions of the roller actuation mechanism. 

 
Figure F.1 shows a top view of a microsurgical needle holder and two track rollers, including 
the relevant parameterized dimensions. 

The instrument jaw angle  ranges between 0 (fully closed) and 32⁄  (fully opened) rad. The 
jaws are actuated symmetrically around the longitudinal axis of the instrument. The inside 
surfaces of the jaws are in line with the inside surfaces of the handles. 

The value 32⁄  rad is taken as the initial position of the instrument jaws. The distance 
between the roller axes of rotation is equal to 20 mm, whereas the shortest distance 
between the roller axis of rotation and the inside of the instrument handle is equal to 6.3 
mm. 
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The actuation radius , and position  of the rollers is equal to 

 , 
 

(F.01) 

 cos sin , (F.02) 
  

Δ . 
 
(F.03) 

 
Equation (F.03) gives the change in roller position relative to the initial roller position , 
which is calculated by substituting  for  in equations (F.01) and (F.02). 

For a jaw radius equal to 16.5 mm, the needle holder jaw gap  is defined as the distance 

between the tips of the jaws, and is calculated by 

 2 sin sin . (F.04) 

 
Figure F.2 shows a non-linear relation between roller translation	Δ  and needle holder jaw 
gap . 

 
 

Figure F.2 Relationship between roller position and instrument jaw gap. 

 
The rollers are mounted on a carrier containing a nut, which is translated along the 
longitudinal axis of the instrument by a lead screw with pitch equal to 0.4 mm. The lead 
screw is driven by a dc motor via a gear transmission ( 11 8⁄ ).  

Play in the lead screw–nut transmission is eliminated by splitting the nut into two halves and 
adding a spring element, such that the two halves are axially preloaded against the lead screw.  

The gear transmission consists of two straight spur gears ( 11 mm and 8 mm), 
of which the larger gear is an anti-backlash type.  

The spring-loaded needle holder handles push outwards on the rollers. This results in a lateral 
and longitudinal force on the carrier. The longitudinal force is directed through the nut onto 
the lead screw. The 0.4 mm pitch, combined with the friction between the nut and lead screw, 
creates a non-backdrivable transmission. 
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The instrument actuator mechanism can be split into two parts. One part runs from the dc 
motor to the rollers, and is a fixed ratio, non-backdrivable transmission. The other part is 
formed by the actual microsurgical instrument. The contact between the instrument and the 
rollers is created by the force caused by the spring in the rear of the instrument. A certain 
amount of force is required to keep the instrument attached to the actuator mechanism, which 
is why the instrument cannot be fully opened.  

For the needle holder, the jaw angle is actuated over a range between 0 and 45⁄  rad, which 
corresponds to a jaw gap between 0 and 4.5	mm.  

The instrument can be removed from the actuator mechanism at any time, by manually 
pressing the instrument handles toward each other, thus removing the contact force. 

The reaction forces between the rollers and the instrument handles create a combined 
transmission ratio from the dc motor to the needle holder jaws as depicted in Figure F.3. 

 
 

Figure F.3 Relationship between motor shaft revolutions and instrument jaw gap. 

 
Using a 16  pulse integrated encoder on the motor shaft with quadrature encoding, the 
measured jaw gap resolution is as depicted in Figure F.4. 

 

  
 

Figure F.4 Relation between jaw gap resolution and instrument jaw gap. 

 
The jaw gap resolution is a function of the actual instrument jaw gap, and ranges non-linearly 
between 0.37 and 1.43 µm. The resolution is positively correlated to the actual jaw gap. 
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The spring in the rear of the instrument is considered to be linear, with a stiffness value equal 
to 860 Nmm/rad at the front hinge of the needle holder. The torque on the 
hinge increases as the instrument jaws are closed. Because the rollers are translated along the 
instrument handles, the reaction force between the rollers and the instrument handles is not 
equally increased. 

Figure F.5 shows the relation between instrument jaw gap and reaction force on the handles. 

 
 

Figure F.5 Relationship between reaction force on a roller and instrument jaw gap. 

 
The reaction force is directed normal to the outside surface of the instrument handles, and 
runs through the centerline of the rollers. As the jaw angle is decreased, the lateral component 
of the reaction force increases while the longitudinal component decreases. This implies that 
the required motor torque will have a peak somewhere between the minimum and maximum 
instrument jaw gap.  

This is shown in Figure F.6, a graph of the motor torque required to close the needle holder 
jaws. The results show a maximum motor torque equal to 0.28 Nmm at a jaw gap of 1.5 mm.  

 
 

Figure F.6 Relationship between motor torque and instrument jaw gap. 

 
Motor torque calculations are based on a purely rolling behavior of the rollers on a smooth 
stainless steel needle holder handle surface, and a dry sliding bearing between the rollers and 
their stainless steel axles.  
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The friction torque between the lead screw and the nut is included as well, and is a function of 
the axial component of the reaction force on the rollers. The gear transmission between motor 
drive shaft and lead screw is assumed to have a constant efficiency of 70%. Other possible 
sources of energy dissipation are assumed negligible, e.g. spin between the rollers and the 
instrument handles, and friction in the linear guide or in the lead screw and motor bearings. 

The results in Figure F.6 imply that when the needle holder jaw is actuated from a fully closed 
state to a fully opened state, the reaction force on the handles will push the instrument 
forward. 

For this reason, the instrument is preloaded axially against the v-grooved plate (see Section 
4.8). Though this preload force also contributes to the dynamics of the actuation mechanism 
(as it will decrease the actual stiffness  felt at the front hinge of the instrument), 
this effect has not been included in the previous analysis. 

Because this analysis is based on the properties of an S&T needle holder, the results cannot be 
used for any other type of instrument. 
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