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ABSTRACT 
 
A seven degree-of-freedom (DOF) haptic device has been 
developed with applications towards robot-assisted minimally 
invasive surgery.  The device consists of four degrees of force 
feedback (X, Y, Z, and grasping) capability and seven degrees of 
freedom for positioning capability.  The haptic device is a closed 
kinematic chain with two halves (user interface and spatial 
mechanism) connected by a universal joint.  Kinematic analysis 
of the haptic device has been developed with the particular goal 
of computing the slave robot position and the end point 
configuration of the laparoscopic tool.  Additionally, the 
achievable workspace of the mechanism has been calculated 
based on the motion of each half of the device.  Friction 
modeling and its compensation has also been presented to enable 
higher transparency of the haptic device. 
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1 INTRODUCTION 
*

Development within the field of haptics has had significant 
advancement within the last couple of decades.  Specifically, 
development of haptic interfaces with applications in the medical 
field for robotically-assisted procedures has produced many new 
haptic devices  [1-5], as well as, the necessary surgical tools with 
appropriate sensors to be used with the haptic devices [6-18].   
These devices may serve as haptic interfaces for multiple 
procedures or serve a single specific medical need.  However, 
most of these haptic devices have one of the basic designs of 
manipulators; serial, parallel, or glove-type devices; each of 
which have their own advantages and disadvantages.  Serial 
mechanisms have the benefit of a large workspace; however lack 
a sufficient force feedback capability without larger actuators 
that add significant weight.  Parallel mechanisms can produce a 
high force output; however, they have a smaller workspace and 
limited maneuverability which may not be desirable in some 
surgical procedures.  Glove-type haptic interface, similar to serial 
mechanisms, offer a large workspace but are even more limited 
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in their force feedback capability as the weight of the actuators is 
typically carried by the user unless the haptic device is grounded.  
Therefore, incorporating the advantages of each of these types of 
haptic devices into a single design could help to improve the 
characteristics of the haptic device, especially in the area of 
robot-assisted surgery where a sufficiently large workspace and 
force output along with grasping feedback are desirable.  In 
addition, the disadvantages of the various types could be 
minimized.   

Based on this motivation, we have designed and developed a 
seven degree-of-freedom haptic device with four degrees of force 
feedback capability that has specific applications to robotically-
assisted minimally invasive surgery (MIS).  The haptic device 
consists of a closed kinematic chain that contains two halves; 
namely, the user interface and the spatial force feedback 
mechanism, which are connected together via a universal joint.  
The user interface has four degrees of freedom (roll, pitch, yaw, 
and linear translation) along with a grasping/dissecting interface 
for soft-tissue manipulation.  This user interface allows the user 
to insert their hand and forearm in the device while inserting their 
fingers into two thimbles in the user interface.  The interface then 
provides force feedback to the fingers in the thimbles for 
grasping/parting tasks and three dimensional force feedback to 
the user’s hand and forearm via the attached spatial force 
feedback mechanism.  The spatial force feedback mechanism has 
three orthogonal axes that are assembled in series for positioning 
and force reflection to the user interface via the universal joint.  
Previous work has focused on the initial design of this haptic 
device [19].  However, this paper presents a completely 
developed seven degree of freedom haptic device with friction 
estimation for the individual actuated joints as well as the 
kinematic analysis for the mechanism to facilitate end point 
control of the laparoscopic tool attached to the end-effector of the 
slave robot.   

This paper is divided into the following sections.  In section 2, 
we present the design of the haptic device along with the 
kinematics and workspace of the device.  In section 3, we 
estimate the friction in the various actuated joints.  Section 4 
presents concluding remarks including our future work in this 
area. 
 
 
2 MATERIALS AND METHODS 
 
2.1 Design and Development 
 
Our haptic device was designed specifically towards applications 
within robot-assisted MIS, however, it can also be used in other 
areas such as the automotive industry, gaming industry, 
rehabilitation aid for people with finger, hand, and/or forearm 
injuries, etc.  This device is part of an overall haptic surgical 
system that we envision building (see Fig. 1).  Through the haptic 
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device, we will be able to control the robot arm with attached 
surgical tool that is capable of measuring the forces at the end 
effector in 3D [20].  The user interface (see Fig. 2) of the haptic 
device will control the slave robot arm such as the Mitsubishi 
PA-10.  The surgical tool attached to the robot arm can measure 
and feedback forces to the haptic device to reflect them to the 
user through the spatial force feedback mechanism (see Fig. 2), 
which would include forces in X, Y, and Z direction, in addition 
to the grasping forces through the grasping mechanism (θ) (see 
Fig. 3). 
 

 
Figure 1:  Schematic of the overall role of the haptic feedback 

system for laparoscopic surgery. 
 

Several constraints were considered in the design process.  The 
first constraint was the creation of an ergonomic design that 
conforms to the surgeon’s motions during a medical procedure.  
Therefore, considering a surgeon’s hand and arm, there are five 
general movements that consist of grasping/cutting/dissecting 
tissue using two fingers, roll, pitch, and yaw of the wrist, and the 
linear motion of the forearm for translation.  All of these motions 
needed to be incorporated into the haptic device to replicate the 
surgeon’s natural motions and thus increase the transparency of 
the device.  Second, we needed to consider the location of force 
feedback in our device.  In any typical MIS surgical procedure 
involving grasping, cutting, or dissecting, the forces are felt at the 
laparoscopic tool tip, where the surgical tool interacts with the 
soft-tissue.  Therefore, it is desirable to produce a similar force 
feedback capability through the haptic device.   Other important 
design considerations were backdriveability, low friction, high 
transparency, adequate force ranges, static balancing, and a large 
workspace.   

The device consists of a closed kinematic chain with two 
halves; a user interface and a spatial force feedback mechanism 
(see Fig. 2).  The user interface consists of an arm rest with four 
degrees-of-freedom position feedback (roll, pitch, yaw, and 
linear motion of the arm rest) and a grasping/dissecting 
mechanism at the end of the arm rest.  Therefore, a user could 
insert their hand and forearm into the user interface and use the 
haptic device as a master device for controlling a slave robot, 

while receiving force feedback.  The joints of the user interface 
proceed from the base → yaw joint → prismatic joint → pitch 
joint → roll joint → end effector joint (universal joint).  All of 
these joints, except for the prismatic joint, are equipped with 
encoders for tracking the position of the user interface (see Table 
1 for joint limits).  The position of the prismatic joint can be 
determined from the position of the other three joints and the 
spatial force feedback mechanism joints.  The grasping/dissecting 
mechanism contains two thimbles for the user’s fingers (thumb 
and index finger, for example) that are coupled to a DC motor 
with an encoder.  This allows the user to fully control a grasping 
mechanism, such as a laparoscopic tool at the end of a robotic 
surgical system, and also receive force feedback as measured by 
sensors in the laparoscopic tool as developed in [16].  The spatial 
force feedback mechanism consists of a three degree-of-freedom 
positioning stage that attaches to the user interface at the 
grasping mechanism through the use of a universal joint (see 
Table 1 for joint limits).  This mechanism was designed to 
provide force feedback in three directions through orthogonally-
mounted linear actuators.  Therefore, this force feedback 
mechanism can relay manipulation forces, such as the pulling or 
pushing of an object (e.g. soft tissue in MIS), to the user in 
addition to the gripping forces felt through the grasping 
mechanism.  This mechanism was designed to apply all forces to 
the user at the grasping mechanism rather than through the joints 
of the arm rest.  This enhances the transparency of the haptic 
device by providing feedback to the user, which is more 
analogous to conventional open surgery where the surgeon 
primarily receives feedback at the point of contact with the soft 
tissue and/or organs.   
 

 
Figure 2:  Prototype of the haptic device. 

 
The range of forces for each axis of feedback was designed for 

general manipulation tasks and also robot-assisted MIS.  
However, weight and inertia properties of the actuators must also 
be considered.  Previous research has attempted to define the 
range of forces that are felt during laparoscopic and conventional 
surgeries.  For a typical palpation task, the average magnitude of 
force was 12.5N [3].  Another research experiment found 
grasping forces of similar magnitude with a maximum force of 
approximately 16N and a maximum pulling force (along the shaft 
of the laparoscopic tool) of approximately 17N [21].  Similar 



results were also reported by Baumann [2] and Gupta [22].  
Therefore, we decided to use these experimental results as 
general guidelines for the magnitude of force feedback along the 
three spatial (X,Y,Z) and grasping direction (θ). 
 

Table 1:  Joint limits for the haptic device 

 
In the design of the spatial force feedback mechanism, we used 

a cable-driven transmission powered by DC motors to actuate the 
prismatic joints.  Each of the motors uses a 6.35 mm diameter 
grooved pulley on its shaft with one (X and Z axes) or two (Y 
axis) idle pulleys at the limits of travel.  We selected brushed DC 
motors with encoders (RE40 manufactured by Maxon Motors) 
for each axis.  The DC motor is capable of providing up to 181 
mNm of continuous torque, which equates to approximately 56N 
of force.  However, frictional losses reduce this number to 
approximately 40N (as measured experimentally). 
The grasping/parting force feedback mechanism also uses a 
cable-driven transmission powered by a DC motor; however, the 
transmission involves two stages (see Fig. 3).  This two stage 
transmission allows the placement of the motor close to the pitch 
axis of the user interface to reduce the moment on that axis.  The 
DC motor has a 6.35mm diameter pulley mounted to its shaft 
with a steel cable that transmits the force to an intermediate 
pulley that is 19mm in diameter.  Connected to this pulley is a 
 

 
Figure 3:  Details of the grasping mechanism. 

 
6.35mm diameter pulley that transmits the motion further to a 
19mm diameter pulley, to which the thimbles are attached.  This 
transmission represents an increase in torque of 9:1 from the 
motor pulley to the thimble pulley.  The brushed DC motor with 
encoder (RE36 manufactured by Maxon Motors) is capable of 

producing up to 88.8mNm of continuous torque.  This equates to 
approximately 12.5N of force at the tip of the thimbles as desired 
from research in the literature. 
 
2.2 Kinematics 
 
The haptic device is designed as a closed kinematic chain with a 
universal joint connecting the spatial force feedback mechanism 
to the user interface.  Therefore, the kinematics of the haptic 
device can be decoupled into two separate halves that both end at 
the universal joint (see Fig. 4).  These kinematic equations can 
then be used to the find the position of the prismatic joint on the 
user interface.  The position of the prismatic joint can be mapped 
to the corresponding translation of the end-effector of the slave 
robot in the global  
 

 
Figure 4:  Coordinate frames for the user interface and spatial 

force feedback mechanism. 
 

coordinate frame (mapping not described in this paper). The 
movement of the grasping mechanism correlates to the 
opening/closing of the jaws of the laparoscope. Starting with the 
forward kinematics of the user interface, we placed coordinate 
frames on both halves of the haptic device (see Fig. 4).  Next, we 
obtained the D-H parameters of each half that are shown in Table 
2 and Table 3. 

 
Table 2:  D-H parameters for the user interface 

Joint θ α a (mm) d (mm)
1 θ1- π/2 π/2 0 38.583 
2 π/2 -π/2 66.675 d2

3 θ3 π/2 109.55 0 
4 θ4 0 53.772 192.34 
5 -π/2 0 82.98 0 

 
Table 3:  D-H parameters for the spatial force feedback 

mechanism 
Joint θ α a (mm) d (mm)

1 π/2 π/2 36.627 1d  

2 π/2 π/2 0 2d  

3 π/2 0 0 3d  

4 0 0 57.633 0 

Joint Range of motion 

User Interface 

Yaw joint 0° to 180° 

Prismatic joint -76.2mm to 76.2mm 

Pitch joint 0° to 20° 

Roll Joint -35° to 35° 

Spatial Force Feedback Mechanism 

Prismatic joint 1 (X axis) 0mm to 223mm 

Prismatic joint 2 (Y axis) 0mm to 223mm 

Prismatic joint 3 (Z axis) 0mm to 183mm 



The transformation matrix relating coordinate transformation 
from one joint to the next is given by: 
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where  represents the homogeneous transformation matrix 
from the i

1−i
iT

th frame to the (i-1)th frame on the user interface side.  
By pre-multiplying the homogeneous transformation matrices for 
successive coordinate transformations, we can the transformation 
matrix for the end-effector as seen in the base frame, namely 
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where 1−i
iT  represents the homogeneous transformation matrix 

between successive frames on the spatial force feedback side.  
Based on the general definition of the homogeneous 
transformation matrix given by: 
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we can obtain the displacement vector, , for 
the location of the universal joint in the base coordinate frame.  
As a result: 
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where  and 
→
D

→
D  relate to the displacement vector of the 

universal joint in base frame coordinates as viewed from the user 

interface and spatial force feedback side respectively.  Since  

and 

→
D

→

D  are equal (as they refer to the same end effector location 
(universal joint)), by knowing the values of the yaw ( 1θ  ), pitch 

( 3θ  ), and roll ( 4θ ) (based on the encoder readings) of the user 

interface displacement matrix (Eq. (5)) and the values of 1d , 

2d , and 3d  (based on the encoder readings) of the spatial force 

feedback mechanism (Eq. (6)), we can calculate the position of 
the prismatic joint on the user interface.  Further, the inverse 
kinematics of the spatial force feedback mechanism was 
developed from the displacement matrix (see Eq. (6)) to yield the 
joint positions based on the end-effector position given by: 
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where , , and  are the displacements of the end-

effector with respect to the global coordinate frame. 
xd yd zd

The Jacobian relating the joint velocities to the end-effector 
velocity is given by: 
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where  is the linear velocity vector,  is the angular 

velocity vector,  is the unit vector along joint axis i, and 

 is the position vector from joint i-1 to the end-effector as 
expressed in the global coordinate frame.  Since we only have 
prismatic joints in the spatial force feedback mechanism, we 
need to calculate  using the homogeneous coordinate 
transformation matrices from joint i to joint i-1 given by the 
equations: 
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where Ui is the rotation about the joint’s Z axis (θi), and Vi is the 
rotation about the joint’s X axis (αi).  Using these equations, we 
can define the unit vector  using the following equation: 1−iu
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Solving for the unit vectors for each of the three joints of the 
spatial mechanism (using Eq. (11)) yields the Jacobian, J: 
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As expected, the velocities of the joints are independent of the 
other actuated joints and therefore, the velocity of the end 
effector along an axis is equal to the velocity of the actuated joint 
along the same axis. 



2.3 Workspace 
 
The reachable workspace of the haptic device is the intersection 
of the workspace of the user interface half and the workspace of 
the spatial force feedback mechanism.  Therefore, we developed 
an algorithm to determine this volume to verify the reachable 
workspace of the haptic device was sufficient for the range of 
motion in MIS procedures. 
 In order to determine the workspace, we started with analyzing 
the workspaces of the user interface and spatial force feedback 
mechanism separately.  We approached this analysis by 
developing Matlab code using the kinematics to track the end 
effector position in the global coordinate frame.  During this 
process, each joint is tracked through its full range of motion and 
results in an array of points within the workspace of the given 
mechanism.  Fig. 5 and 6 show the individual workspaces of the 
user interface and spatial force feedback mechanism with respect 
to the global coordinate frame of the haptic device. 
 

 
Figure 5:  Workspace of the user interface in the global coordinate 

frame. 
 

 
Figure 6:  Workspace of the spatial mechanism in the global 

coordinate frame. 
 

Next, we take the intersection of the workspaces of both halves 
to obtain the reachable workspace of the haptic device.  This is 
achieved by taking the boundary of the spatial mechanism’s 
workspace and finding all the points from the user interface’s 
workspace that are within this boundary.  Fig. 7 shows the 
reachable workspace of the device.  This reachable workspace 
represents an estimated volume of 0.0041 cubic meters with 
dimensions of approximately 0.1905m wide by 0.1905m deep by 

0.1143m high.  An algorithm was developed for volume 
estimation that discretizes the achievable workspace and 
determines which 3D elements are located in the workspace. 
 

 
Figure 7:  Reachable workspace of the haptic device. 

 
 
3 FRICTION ESTIMATION 
 
To increase transparency of the haptic device, it is necessary to 
estimate the friction in the various actuated joints.  Therefore, 
estimation of accurate friction in a haptic device is necessary for 
improving the overall performance of the device.  While using 
precision machined parts, bearings, cable transmissions, and 
other lower friction options for the actuators and joints can help 
reduce friction, it is impossible to eliminate it altogether.  
However, by using a feed forward controller that can power the 
actuators to overcome the friction in the mechanism, an 
essentially “frictionless” device can be achieved.  

To develop a highly transparent haptic device, we measured 
the required voltage to the motor to produce a very low velocity 
movement of the joint.  Therefore, we commanded each motor on 
the spatial mechanism (X, Y, and Z axes) through its full range 
of motion with a voltage where the motion of the axis was with a 
very low velocity (approximately 0.00025m/sec).  This voltage 
value for each position along the axis was then taken to be the 
friction voltage required for our feedforward model.  This 
friction calculation was performed on the three axes for both the 
forward and reverse direction.  The voltage was sampled at 
1000Hz and then fed-forward in the controller through the use of 
a look-up table.  Through appropriate calibration, this friction 
voltage was converted to the friction torque necessary to 
overcome the friction along each axis of motion.  Each motor 
uses an amplifier to convert an input voltage to a proportional 
current to power the motor.  Therefore, the friction voltage, 
which is the voltage sent to the amplifier from the computer, can 
be converted to the proportional friction torque through the 
torque constant and applied current by the amplifier to the motor.  
Fig. 8 shows the friction torque measured over the full range of 
each axis for both the forward and reverse motion.  As shown in 
the figure, the friction torque varies over the range of motion 
with the maximum friction torque of 32 mNm, which is 
approximately 17.6% of the maximum motor torque (181mNm).  

In addition to the spatial mechanism, we measured the friction 
in the grasping mechanism (θ) using the same method as in the 
spatial mechanism.  The results are shown in fig. 9.  The 
maximum friction measured for the grasping mechanism was 24 



mNm, which is approximately 27% of the maximum motor 
torque (88.8mNm). 

 

 
Figure 8:  Friction measured along the axes of the spatial force 

feedback mechanism. 
 

 
Figure 9:  Friction measured along the angular position of the 

grasping mechanism. 
 
 
4 DISCUSSION 
 
We have presented our 7 DOF haptic device that consists of a 
closed kinematic chain with a user interface and a spatial force 
feedback mechanism.  This device was designed with 
applications in robot-assisted MIS and other areas, such as the 
automotive industry, gaming industry, rehabilitation aid for 
people with finger, hand, and/or forearm injuries, etc.  We have 
also presented the kinematic analysis of the mechanism in 
calculation of the reachable workspace.  Furthermore, a friction 
estimation of the actuated joints has also been presented.   

Future work includes the implementation of the friction 
estimation measurements in a feed-forward controller as a 
friction compensator.  Additional future work includes using the 
haptic device to control the position and orientation of the end 
point laparoscopic tool attached to the end-effector of a slave 
robot arm for soft-tissue telemanipulation experiments.   
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