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Abstract—Computer technology and surgical ro-

bots are involved in interventional medical proce-

dures primarily to provide patient benefits 

through increased precision and minimal inva-

siveness. Even more, robotic devices should allow 

for refined treatments that are not possible by 

other means. It is crucial to test for the application 

accuracy of a system, to define the expected over-

all task execution error. To evaluate a device, 

accuracy tests are required, as analytically it may 

be a highly non-linear function of the intrinsic- 

and registration accuracies. Proper methodology 

should be applied to describe a system’s proper-

ties. After 20 years of development, there is still a 

great need for objective measures in medical ro-

botics. In this paper, different test methods are 

presented to define system characteristics, and 

major standardization efforts are reviewed. The 

conclusion is supported with experimental data 

derived from an image-guided neurosurgical sys-

tem.  

I. INTRODUCTION  

Computer-Integrated Surgery (CIS) refers to the en-
tire field of technology aided interventional medicine, 
theory and technology from image processing and 
augmented reality applications to automated tissue 
ablation. CIS means the combination of innovative 
algorithms, robotic devices, imaging systems, sensors 
and human–machine interfaces to work cooperatively 
with physicians in the planning and execution of sur-
gical procedures [1]. A subfield of it is called Image-
Guided Surgery (IGS), where the digital system is not 
necessarily involved in the physical part of the opera-
tion, but improves the quality of surgery by better 
visualization or guidance. IGS means the accurate 
registration (correlation and mapping) of the operative 
field to a pre-operative (MR, CT) imaging or intra-
operative (ultrasound, fluoroscopy) data set of the 
patient, providing free-hand navigation, positioning 

accuracy of equipment, or guidance for a mechatronic 
system. IGS has been successfully used in neurosur-
gery, radiotherapy, pediatrics, orthopedics and other 
fields. 

Robots have been introduced to the operating room 
primarily to provide higher accuracy and dexterity. 
They can support surgeons with advanced targeting, 
steady positioning and task execution with a precision 
beyond human capabilities. Therefore, the treatment 
delivery accuracy and objective evaluation of inter-
ventional systems is crucial, especially when they are 
image-guided and operating semi-autonomously [2]. 
Errors and imperfections may originate in: 
• CT imaging errors 

• Volume model generation errors 

• Treatment planning errors 

• Errors introduced by hardware fixturing 

• Intra-operative data noise 

• Registration errors 

• Inherent inaccuracies of surgical tools and actions. 

II. SYSTEM CAPABILITY ASSESSMENT 

Probably the most important characteristic of many 
surgical robots is spatial accuracy—inherently deter-
mining its applicability, functionality and safety. Pre-
cision of robotic systems can be represented by the 
accuracy and repeatability of the device to character-
ize the overall effect of the encoders’ fineness, the 
compliance of the hardware elements (e.g., the servos) 
and the rigidity of the structure.  

Generally, the absolute positioning accuracy shows 
the error of the robot when reaching for a prescribed 
position. This expresses the mean difference between 
the actual pose and the pose calculated from the ma-
thematical model of the robot. Repeatability is the 
standard deviation of the positioning error acquired 
through multiple trials to reach the same joint values 
(Fig. 1). Repeatability is typically smaller for manipu-
lators than accuracy, and both numbers can largely 
depend on speed, payload and range of motion [2].  



Figure 1. Difference between accuracy and repeatability. Modified 
from [2]. 

III. MAJOR ISSUES WITH ACCURACY EXPERIMENTS 

A. Different accuracies  

It is crucial to well define the experiments evalua
ing the usability of a system. There are three different 
types of accuracies that can be specified
tems [3],[4]: 
• Intrinsic (technical) accuracy (0.1

• Registration accuracy (0.2–3 mm)

• Application accuracy (0.6–10 mm)

Intrinsic accuracy applies to certain elements
as the robot or the localizer. It describes the average 
error of the given component in operational
dom errors (e.g., mechanical compliance, friction, 
loose hardware), resolution of the imaging device, 
inadequate control and noise can all re
intrinsic accuracy. On the user interface side, discr
tized input and modeling errors may further decrease 
precision.  

All registration methods involve some kind of e
rors, as it is only possible to compute a normalized 
(e.g., least squares) solution for a mathematical fitting 
problem. In IGS, a major source of error can be the 
markers (different types, forms and materials), di
placement of the fiducials and determination of the 
center of the fiducials. Even though the distribution of 
errors for one fiducial in a particular set of measur
ments is usually Gaussian, the aggregated error for 
many fiducials is chi square at best estimate.   

Application accuracy refers to the overall targeting 
error of the integrated system while used in a clinical 
procedure or a mock setup. This measures most reali
tically the effectiveness of a system and is
used for validation. The application accuracy is d
pendent on all other sources of errors in a complex, 
non-linear way, therefore typically phantom, ca
and clinical trials are required to determine it.

Further problems arise with the simple
expression of spatial errors. Physicians may need a 
single number showing the precision of the system. 
many applications, only the absolute distanc
desired location matters, therefore the root mean 
square (RMS) error is given for the system

,
N

2
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where N is the number of measurements, 
desired point and xi  is the i-th measured point. 
does not incorporate the angular error of the system, 
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error of the integrated system while used in a clinical 
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tically the effectiveness of a system and is commonly 
used for validation. The application accuracy is de-
pendent on all other sources of errors in a complex, 
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and clinical trials are required to determine it. 
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Physicians may need a 

single number showing the precision of the system. In 
only the absolute distance from a 

location matters, therefore the root mean 
square (RMS) error is given for the system 

 (1) 

is the number of measurements, x is the 
th measured point. This 

the angular error of the system, 

even though any 3D registration or tracking comp
nent with a rotational error will affect the translational 
accuracy. Even worse, the factor of degradation is 
dependent on the value of the translational vector, 
to the nature of the homogenous transformation m
trix multiplication. This is especially bother
the case of intra-operative navigation systems
only supposed to be used 
Base (DRB), therefore the rotational inaccu
effect on the linear accuracy will depend on the “DRB 
to camera” distance, and will have a non
distribution.  

In the case of a CIS system, accuracy 
delivery can also be affected by the many changing 
factors in the operating roo
people in the OR moving around
cal devices surrounding the patient. IGS is based on 
the principle that the real-world setup does not change 
unpredictably over time and its registration to the still 
image space thus remains valid. IGS is sensitive to 
spatial changes, e.g., when the patient is unintentiona
ly moved relative to the marker that tracks its motion. 
These events should be monitored and compensated 
separately.  
 

B. Using the right metrics

Evaluating robotic systems usually involves not o
ly mathematical modeling and simulation, but also 
extensive accuracy tests. One of the difficulties in 
evaluating an image-guided robot is to acquire the 
ground truth—the gold standard. This i
through the use of significantly more precise device 
(e.g., a laser scanner, accurate camera system), or 
use of a measurement phantom

In industrial robotics, accuracy measures and tests 
have been widely used, and some got straight applied 
to CIS. Most commonly, the 
rected) to different positions and orientations along a 
precisely known set of landmarks (fiducials), or 
accuracy board. The positions 
with an independent localizer

To evaluate the different tests, certain measures are
used. Specific to the tracker and the setup, the Fiducial 
Localization Error (FLE) includes the intrinsic and 
extrinsic sources of error, representing the accuracy of 
a position tracker to localize 
the cluster of measured points [
as the mean value of the error 
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where ε is the error of a single measurement at a given 
fiducial. 

One of the most precise optical tracker
available is the Optotrak Certus 
Inc. (NDI, Waterloo, Ontario, Canada). It has a 0.1
0.15 mm (RMS) FLE according to the specifications.
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Inc. (NDI, Waterloo, Ontario, Canada). It has a 0.1–
ccording to the specifications. 



Figure 2.  Definition of FRE and TRE. The black and white circles 
represent corresponding point pairs in the two different
FRE is the residual error of the points used to derive the T tran
formation, while TRE is the mapping the error of a (set of) indepe
dent points.  

 
Typical surgical navigation systems provide less acc
rate measurements that have a 0.2–1

Fiducial Registration Error (FRE) is the mean 
square distance between homologous fiducial points;
the residual error of the paired-point registration b
tween the given subset of the known and recorded 
fiducial coordinates during an accuracy test
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where N is the number of fiducials used during the 
registration and qi is the position of the 
one space (e.g., robot), pi is the same point in the other 
(e.g., patient space) and T is the computed homoge
ous transformation (consisting of a 3x3 rotational part 
and a 3x1 translational part) connecting the two spa
es [7]. In the ideal case, the FRE equals zero. 
been shown [6], that FRE is connected to FLE through

.2 21
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Target Registration Error (TRE) is the deviation b
tween definite points in the reference and the other 
(registered) coordinate system. For example, TRE is 
the average error of locating markers (that were not 
used for registration) in robot coordinates (Fig. 
TRE is typically used for the characterization of 
schematic point-based registrations. 
subset of the points is used for registration and the rest 
for TRE computation. In medical cases, TRE might be 
computed based on a distinguished
Mean TRE is related to mean FLE through 
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where r is the target point, N the number of fiducials, 
di the distance of the target from the principle axis 
the fiducial points and fi is the RMS distance of all the 
fiducial points from that same axis [6]
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FRE is the residual error of the points used to derive the T trans-
formation, while TRE is the mapping the error of a (set of) indepen-

Typical surgical navigation systems provide less accu-
1 mm RMS error. 

Fiducial Registration Error (FRE) is the mean 
ween homologous fiducial points; 

point registration be-
tween the given subset of the known and recorded 
fiducial coordinates during an accuracy test [6].  
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the number of fiducials, 
the distance of the target from the principle axis i of 

is the RMS distance of all the 
[6],[9].  

Novel research publications show that TRE and 
FRE are independent for point
therefore (5) can only be used to estimate TRE for a 
given fiducial configuration
tion. The FRE in a particular
with TRE for any arbitrary chosen configuration
It is easy to demonstrate the independence of FRE and 
TRE in the case of intentionally miss
locations (Fig.3). Many commercially available su
gical navigation systems 
metric for the precision of
use proprietary algorithms 
ber to display to the surgeon
 

Figure 3.  Specific examples of FRE and TRE values. (a) 3 fid
cials (dotted circles) and a target (cross) used for calculation
(b) If the actual measurement of the fiducials is systematically off, 
FRE can be zero, while TRE will be large. (c) Fiducial localization 
errors may not be corrected by any rigid transformations, therefore 
FRE is large, but TRE may still be zero [8]. 

IV. EFFORTS FOR STANDARDS 

International bodies are making efforts to standar
ize CIS procedures similarly to industrial robotics, but 
currently, there are no accepted regulations.  
10360 standard “Acceptance and reverification tests 
for coordinate measuring machines (CMMs)
1994 (current version: 2001) 
cases. It defines the protocol for 
Volumetric Length Measuring Error (VLME) and 
Volumetric Probing Error (VPE). To acquire VLME, 
a set of 5 gauges has to be 
probing at each end, in 7 different directions in space 
(Fig. 4a), and all results must be within the specified 
error. For VPE, a precision sphere has to be measured 
with 25 equally distributed probing (Fig. 
probing error is the range of all radii.

Figure 4. ISO 10360-1:2001 standard for coordinate measuring 
machines.  (a) Illustrating Volumetric Length Measuring Error

(b) Illustrating Volumetric Probing Error

Novel research publications show that TRE and 
FRE are independent for point-based registrations, 

be used to estimate TRE for a 
given fiducial configuration and a defined target posi-

particular case does not correlate 
any arbitrary chosen configuration [8]. 

to demonstrate the independence of FRE and 
in the case of intentionally miss-planned marker 

). Many commercially available sur-
gical navigation systems use (wrongly) FRE as a 

of the system, while others 
 to define an accuracy num-

to display to the surgeon.    

 
FRE and TRE values. (a) 3 fidu-

cials (dotted circles) and a target (cross) used for calculations.  
(b) If the actual measurement of the fiducials is systematically off, 
FRE can be zero, while TRE will be large. (c) Fiducial localization 
errors may not be corrected by any rigid transformations, therefore 
FRE is large, but TRE may still be zero [8].   

FORTS FOR STANDARDS IN CIS 

International bodies are making efforts to standard-
ize CIS procedures similarly to industrial robotics, but 
currently, there are no accepted regulations.  The ISO 

Acceptance and reverification tests 
measuring machines (CMMs)” from 

1994 (current version: 2001) can be applied in many 
cases. It defines the protocol for CMMs based on 
Volumetric Length Measuring Error (VLME) and 
Volumetric Probing Error (VPE). To acquire VLME, 
a set of 5 gauges has to be measured 3 times with one 
probing at each end, in 7 different directions in space 

), and all results must be within the specified 
error. For VPE, a precision sphere has to be measured 
with 25 equally distributed probing (Fig. 4b). The 

is the range of all radii. 

  
1:2001 standard for coordinate measuring 

llustrating Volumetric Length Measuring Error. 

llustrating Volumetric Probing Error [ISO 10360]. 

 



Robot Company Intrinsic accuracy Repeatability Application accuracy 
Puma 200 [12] Memorial Medical Center   0.05 mm  2 mm  

ROBODOC 

[13-14] 
Integrated Surgical Systems Inc. 
Curexo Technology Corporation 

0.5 mm   1.0 – 3.5 mm  
1.05 mm  

NeuroMate 

[15-17] 
Innovative Medical Machines Int. 
Integrated Surgical Systems Inc. 
Renishaw plc 

0.75 mm  
0.6 mm 
0.36 ± 0.17 mma  

0.15 mm  0.86 ± 0.32 mmb  
1.95 ± 0.44 mmc  

da Vinci [18] Intuitive Surgical Inc. 1.35 mma   
1.02 ± 0.58 mmd  

  

da Vinci S [19] Intuitive Surgical Inc. 1.05 ± 0.24 mmd    

CyberKnife  

[20-21] 
Accuray Inc.   0.42 ± 0.4 mm  

0.93±0.29 mm  
B-Rob I [22] ARC Seibersdorf Research   1.48 ± 0.62 mm  

B-Rob II [22] ARC Seibersdorf Research   0.66 ± 0.27 mm  
1.1 ± 0.8 mm  

SpineAssist [23] Mazor Surgical Technologies   0.87 ± 0.63 mm  
Table 1. Different accuracies published for major surgical robot systems. Details of the experiments are not published in many cases. 
Values are given with mean ± standard deviation. aTarget Registration Error  bregistration performed with a stereotactic frame (head fixator)  
cregistration in frameless mode  dFiducial Localization Error 
 

In 2004, the American Society for Testing and Ma-
terials (ASTM) initiated a new standards committee 
(ASTM F04.05) under the title “Standard Practice for 
Measurement of Positional Accuracy of Computer 
Assisted Surgical Systems (CAOS)“. The goal was to 
develop an international standard for metrology, vali-
dation and performance of CAOS systems [9].   

The first draft (from 2007) deals with the localizer 
functions of navigation systems (optical, mechanical, 
electromagnetic). The defined generic phantom (mea-
surement board) has been machined from aluminum-
alloy, and was tested with three different CIS sys-
tems [10]. Practically, it is a multi-surface object with 
47 identical fiducial points (0.75 mm deep cone-shape 
holes) distributed on its surfaces (Nebraska phan-
tom—Fig. 5). 

ASTM F04.05 plans to develop a set of standard for 
specific tasks (e.g., cutting, drilling, milling, reaming), 
distinct surgical applications (joint replacement, im-
plant nailing, plating, osteotomy, etc.) and imaging 
modalities (fluoroscopy, CT, MRI, ultrasound). 

 
Figure 5. ASTM CAOS draft standard accuracy phantom [10]. 

 
Supporting the ASTM group, a multi-institution 

technical committee presented a white paper more 
recently, calling for the standardization of many areas 
of CIS [24],[25]. Based on technological and econom-

ical analysis, metrology and standards should be ap-
plied especially to the following categories of medical 
devices:   
• Computer assisted navigation and surgery 

• Surgical robots (mostly in manual control mode) 

• Surgical robots and phantom (artifact) devices 

• Stimulation devices 

• Drug-delivery and physiologic monitoring devices. 

V. EXAMPLES OF ACCURACY MEASUREMENTS 

In indirect image-guided surgery, 3–5 mm RMS 
accuracy is considered acceptable, whereas 2 mm is 
recommended for IG neurosurgery. However, sub-
millimeter accuracy is recommended for robot as-
sisted procedure (in the case of direct IGS) [11]. CIS 
system accuracies are frequently reported in research 
papers. Usually not any of the presented standards is 
followed; instead, custom protocols and measurement 
boards (Fig. 6) are used. It is extremely hard to effec-
tively evaluate and compare these results, as in many 
cases, the experiments are not described in detail, and 
e.g., “application accuracy” refers only to a single 
component of a system. Table 1 summarizes the pub-
lished accuracy measures of the most important sur-
gical robots. 

 

 
Figure 6.  The da Vinci performing accuracy tests on a custom-

built accuracy board [18]. 



It should be noted that for many systems—like the 
da Vinci from Intuitive Surgical Inc.—safety origi-
nates from keeping the human in the control loop at 
all times through real-time sensory feedback. This 
means the absolute positioning accuracy of the robot 
is not crucial anymore; the surgeon uses the provided 
visual information to compensate for any positioning 
errors, improving the effectiveness and the overall 
application accuracy of the system. However, even in 
these cases, the intrinsic accuracy of the components 
may be significant.  

VI. EXPERIMENTS WITH THE NEBRASKA PHANTOM 

The ongoing neurosurgical research project at the 
Johns Hopkins University (Baltimore, MD) uses a 
modified NeuroMate robot that is capable of helping 
and increasing the performance of human surgeons. A 
StealthStation guidance system (Medtronic Naviga-
tion) and the 3D Slicer open source medical imaging 
software toolkit (www.slicer.org) were integrated to 
support skull base surgery. A force/torque sensor and 
a high-speed bone drilling surgical instrument were 
attached to the last link of the NeuroMate robot. Opti-
cal tracking is made possible via passive visual mark-
ers mounted on the robot and on the patient. The robot 
is guided in cooperative control mode for the removal 
of cranial bone on the skull base, while virtual fixtures 
(safety boundaries) are applied to protect critical ana-
tomical structures [17]. 

We performed accuracy tests using the ASTM draft 
phantom manufactured at the University of Nebraska 
(Fig. 5). The accuracy was measured by directing the 
robot tooltip into the holes and comparing the posi-
tions measured by the joint encoders to the known 
positions acquired by a CMM (Fig. 7). We performed 
5 complete tests, and the collected data was evaluated 
based on a paired-point registration method [26]. 
Every second measured point was used in the registra-
tion, resulting in an average fiducial registration error 
of 0.36 mm. The rest of the points were used to com-
pute the target registration error; the results showed 
that the intrinsic accuracy of the robot is 0.34 ± 
0.17 mm (TRE). 

The same phantom was used to test the accuracy of 
the StealthStation. We performed measurements 
tracking the Robot Rigid Body (mounted at the tip of 
the robot) and the hand-held pointer probe (also used 
for CT to patient registration). Five experiments were 
performed with the robot and three measurements 
taken with the pointer probe. In the first case, the 
results showed that the navigation system had 0.49 ± 
0.22 mm target registration error (FRE: 0.49 mm). In 
the second case, the TRE was 0.51 ± 0.42 mm 
(FRE: 0.52 mm). The ASTM phantom and protocol 
were used for the assessment of the accuracy parame-
ters of the robot and the navigation system without 
any difficulties. The working volume of the targeted 
skull base surgeries is smaller than of knee joint re-
placement procedures, therefore the phantom was 
easily applicable.   

 

VII.     CONCLUSION 

Surgical robotics represents an emerging field with 
several hundreds of systems already deployed, and 
there is an urgent need to set standards and protocols. 
To objectively evaluate the performance of a robot-
assisted system, it is crucial to understand and apply 
consistent measurement methods. Beyond spatial 
precision, many other factors determine the success of 
a surgical robot. Assuming clinical benefits and ade-
quate safety measures, a medical robotic system 
should still address the questions of complexity, cost 
and ergonomics, but after all, the accuracy of treat-
ment delivery remains the baseline for applicability. 

Published data on major systems has been pre-
sented, but most of the details of the accuracy mea-
surement procedures remain unknown. Different 
systems should be measured and assessed through the 
same validated experiments. The existing industrial 
standards and medical robotic drafts should be ex-
tended to all major areas of CIS systems.   
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