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Abstract— Conventional force rendering methods in haptic 
applications often suffer stability issues when simulating stiff 
objects such as a virtual wall. This paper argues that the 
emphasis in such scenarios is to minimize the penetration into 
the virtual wall instead of emulating the force to the operator. 
Therefore, position controllers are developed to achieve better 
haptic rendering of the virtual wall. The new rendering method 
is implemented on a complex 6-DOF parallel structure haptic 
device. The position controllers are developed by both LQR and 
6-joint independent PID methods. The control method exploits 
model-based development tools to obtain the linear control 
system model without deriving the mathematical model of the 
complex haptic device. The performance of the two controllers 
is compared on a simulated prototype of the haptic device.  

I. INTRODUCTION 

Given the popularity and demands of Virtual Reality 
(VR) or Augmented Reality (AR) in various applications like 
gaming or training simulators, haptic devices are growing 
fast as an important component providing sense of touch of 
the overall VR/AR immersive system. There are a number of 
lab-based or commercially available devices ranging from 
applications like general devices [1][2], research devices [3], 
gaming controllers [4][5], as well as surgical tools [6]. The 
haptic devices studied in this paper are desktop parallel 
structure devices providing force/torque (F/T) feedback to 
the human user to render the physical interaction with the 
virtual environment. Since the devices provide force 
feedback as a complementary feedback, this can improve the 
user performance in some tasks that heavily rely on the sense 
of touch [7][8].  

One challenge for haptic devices is how to render 
interaction with stiff objects while maintain stable as well as 
transparent. We call a haptic device transparent if the user of 
the device feels like directly interacting with the real object. 
The typical haptic rendering loop consists of the following 
steps: position sensing (in joint space), position computing 
(in workspace), collision detection, interaction force 
computing, and actuators reference signal computing [9]. 
Much work has been done for the past decades to improve 
system stability. One of the general solutions to achieve a 
more stable system is to increase the frequency of the haptic 
rendering loop by decreasing computation. The 
computational burden here is related to dynamics of the 
device. The dynamics of a parallel mechanism (PM), unlike 
a serial mechanism, is hard to obtain and mostly estimated 
with iterative or recursive methods on general PMs. Closed-
form, also referred to as “explicit” or “analytical”, solution 
of a dynamic model has shorter evaluation time than their 
numerical counterpart and has been obtained first for well-
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known parallel mechanisms (PMs) like Stewart-Gough 
platform [10] or Agile-Wrist [11]. This method is hard to 
generalize to other PMs because it relies on symmetry of the 
actual mechanism. Cheng et al. [12] compare 4 different 
control schemes implemented on a 2-DOF redundantly 
actuated planar PM, whose dynamics is obtained in closed-
form due to its relatively simple structure. The results show 
that by bringing a part of the computation offline, the 
proposed control algorithm has smaller error in 
position/velocity tracking and a shorter execution time. 
Corbel et al. [13] propose a simplified dynamic model where 
the inertia of some linkages is ignored and their mass is split 
and combined into their connected neighbors to avoid 
calculations associated with these linkages. This is a 
practical compromise because it is a high speed high 
acceleration application where shorter response time is 
valued more than tracking accuracy. Abdellatif et al. [14] 
introduce a reduced set of dynamic parameters to increase 
the efficiency of computing. The optimal set of parameters is 
reduced to 10 rigid-body and 14 friction-related parameters 
for a 6-DOF PM. In a similar fashion, [15] proposes an 
identification method for a “reduced model” for a 3-DOF 
PM. The dynamic model is first established with base 
parameters and the parameter with the largest standard 
deviation is removed if the current model violates the 
positive definiteness of the inertial matrix. The results show 
that the controller based on the reduced model has less error 
and computational load, which is important for real-time 
implementation. All of these methods aim to achieve a faster 
dynamic evaluation within a typical haptic rendering loop.  

Another way to address this stability problem with stiff 
object interaction rendering is based on the view that the 
instability of the system is caused by extra energy emerged 
from a phenomenon similar to hysteresis [16]. This energy is 
generated by the interaction between the continuous-time 
dynamics of the physical device and human user and the 
discrete-time simulated “wall” in the haptic rendering loop 
and this is termed “energy leak” by [16]. Passivity-based 
methods have been developed to tackle this, though the 
achieved behavior can be considered too conservative and 
poor in transparency [17]. “Virtual coupling”, first proposed 
by [18], is an approach to introduce extra damping to 
dissipate this extra energy; consequently, the force rendering 
result has a less conservative behavior while maintaining 
stability. Adams and Hannaford [19] later extend this 
approach to all 4 causality structures which model the haptic 
device and the virtual environment as either impedance or 
admittance. However, this method is too simplified for 
dynamically changing environment and [20] proposes time-
domain passivity control to achieve variable damping. This 
approach is later extended into a memory-based passivity 
approach by Ryu et al. [21] with special hardware 
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implementation for data buffering. By recording the 
interacting position-force graph between the device and the 
environment, this method guarantees that there is no extra 
energy coming from the virtual environment into the system 
to cause instability. They conclude that the resulting 
behavior is rather conservative since the application 
emphasizes more on stability than transparency. 

As stated, the methods that simplify or decrease the 
online computation in order to achieve faster controller 
usually require some special properties in the actual 
mechanism, making them case-by-case methods. Passivity-
based methods usually sacrifice transparency for stability. To 
overcome the shortcomings of the presented approaches, we 
propose a general modeling approach applicable to any 
structure and a position controller because the focus of 
rendering stiff interaction should be more on no penetration 
into the object rather than minimizing the error of the 
rendered force. 

The investigation of this approach with a position 
controller for haptic rendering has been formulated as a 
number of research questions (RQs): 

RQ 1: Can haptic rendering of stiff interaction be solved 
as a position controller design problem?  

RQ 2: Which control structure, between the independent 
joint control and the integrated control of the six joints, is 
more effective? 

To answer these research questions, this paper is 
organized as follows. Section II gives a brief introduction of 
our test case which is a haptic device called TAU and 
Section III presents an approach to solve haptic rendering 
problem as a position controller design problem. After that, 
controller design process with detailed modeling process is 
given in Section IV. Results of the controller performance on 
a virtual prototype are shown in Section V followed by a 
discussion in Section VI. Finally, conclusions and future 
work are presented in Section VII.  

II. DESCRIPTION OF TEST CASE 

The test case for the proposed approach is a desktop 6-
DOF haptic device called TAU that has been previously 
developed in our group at KTH for virtual dental training 
with a parallel structure [22][23]. As a general PM, it 
contains a base fixed to the ground, a moving platform, and 
several chains that connect the two, which then create 
kinematic closed loops. This is opposed to serial 
manipulators which only have one chain or kinematic open 
loop. TAU has 3 kinematic chains that are not identical to 
each other (see Fig. 1). In each chain, the linkage connected 
to the base is always called link 1 of that chain, with the 
length of L1. And link 2 is the one connected to the platform 
with the length of L2. Such asymmetric structure 
distinguishes TAU from most well-known PMs and 
complicates the dynamic modeling process, making it a good 
test case for the purpose of this paper. The base of TAU is 
the I-column and each chain has 2 motors installed close to 
or fixed onto the base for minimal mass and inertia effect on 
the moving platform. The moving platform is installed with 

the tool handle that emulates the surgical tool handle for the 
trainee and the tool center point (TCP) is defined at the 
center of the platform. 

A. Device Specifications 
Because it is designed to simulate dental operations, a 

singularity free workspace of a 50 mm cube is enough while 
keeping the footprint of the device relatively small. The 
home position is at the center of the cubic workspace and 
also defined as the origin of the workspace coordinate frame. 
This is also the position to initialize the whole system. 
Within the workspace, the moving platform can achieve ±10 
degrees of rotation along all axes with respect to the initial 
pose. The device itself could fit in a 250 x 250 x 300 mm3 
box. Some of the design parameters used in the final design 
are listed in Table. I and the definition of the parameters can 
be further referenced to Fig. 1. 

 
Figure 1. Kinematic diagram of TAU 

TABLE I.  DESIGN PARAMETERS 

Parameter Value 

Radius of the platform, Rp 55 mm 

Length of link 1, L1 138 mm 

Length of link 2, L2 180 mm 

Length of link 3, L3 91.5 mm 

Length of column I, 3L3 274.5 mm 

 



  

B. Definitions in Kinematic and Dynamic Model 
The kinematic and dynamic models for TAU have been 

derived in previous work [22] and will not be discussed in 
detail in this paper. Without losing generality or consistency 
with previous work, we define the pose of the moving 
platform, which is the same as that of the simulated dental 
surgical tool, as a 6-by-1 vector  

 , , , , ,
T

x y zp p p α β γ=   X   

in workspace Cartesian coordinates in the global frame, 
where ( ), ,x y zp p p  denotes the position coordinates and 

( ), ,α β γ  the orientation angles of the tool along x, y, and z 
axes, respectively. In the joint space, the pose of the device 
is also defined by a 6-by-1 vector  

 [ ]1 2 3 4 5 6, , , , , Tq q q q q q=q   

where iq  denotes the angular position of joint i . These are 
the active joints and all the rest are the passive joints. 
Accordingly, a 6-DOF force acting on TCP in workspace is 
defined by a 6-by-1 vector  

 , , , , ,x y z x

T

y zF F F T T T=   F   

and the joint torque is defined as 

 [ ]1 2 3 4 5 6, , , , , Tτ τ τ τ τ τ=τ   

III. AN APPROACH USING POSITION CONTROL 

This paper studies the simple but representative case of 
rendering an ideal stiff wall whose stiffness is infinite as an 
initial step for investigating the formulated research 
questions. When the wall is pressed, it should not have any 
deformation, meaning there should be no displacement 
sensed at TCP when rendering.  

 A position controller is suitable for emulating the virtual 
wall since it achieves a similar functionality. It keeps the 
TCP fixed at one point and because the TCP is not moving, 
the user-applied force to the TCP is equal but opposite to the 
wall-applied force, which is realized by the actuators. The 
TCP must not penetrate into the stiff wall. Thus, the output 
of a position controller is equivalent to that of a haptic 
rendering algorithm of a stiff wall. As a comparison with the 
typical haptic rendering loop mentioned in Section I, this 
position controller replaces the last two steps in the loop, 
namely interaction force computing, and actuators reference 
signal computing. With this change of view, all methods 
related to position controller design can be applied to deal 
with this haptic rendering problem.  

As a position controller, the control goal is to keep the 
TCP at a given point in the workspace and reject disturbance 
on the TCP. The TCP should not move if the user-applied 
force is within the saturation limits of the actuators. The 
control goal is established in the workspace while the control 
algorithm works in the joint space. Therefore, the control 
goal will first be mapped into joint space by the inverse 
kinematic of TAU.  

The controllers are designed with typical requirement for 
position controller. For a step position reference, overshoot 
should be less than 2%, rise time less than 0.05 s, and 
settling time less than 0.1 s. Additionally, when there is F/T 
step disturbance at TCP, in order for the deviation of the 
TCP to be negligible to the user and the haptic feedback to 
be rendered immediately, the maximum deviation should be 
less than 0.001 rad for every joint. This corresponds to 
position deviation less than 1 mm and orientation deviation 
less than 0.001 rad for the TCP along all axes in workspace 
at the origin. These requirements are also listed in Table. II. 

TABLE II.  CONTROL REQUIREMENT 

Requirement Value 

Overshoot < 2% 

Rise time < 0.05 s 

Settling time < 0.1 s 

Joint position deviation < 0.001 rad 

TCP position deviation < 1 mm in all axes 

TCP orientation deviation < 0.001 rad in all axes 

IV. CONTROL DESIGN 
In this section, we first build a simulation model of the 

TAU device. After that, we linearize the simulation model 
for control design. Then we develop two types of position 
controller, namely centralized and decentralized control, to 
fulfill the same requirement. Centralized control considers 
the whole TAU system as a multi-input multi-output 
(MIMO) system, whereas decentralized control considers 
each individual active joint as a single-input single-output 
(SISO) system. For the MIMO approach, linear-quadratic 
regulator (LQR) is used to synthesize the controller. For the 
SISO approach, we design a traditional proportional-
integral-derivative (PID) controller for its simplicity and 
robustness. 

A. Development of a Simulation Model 
Here we choose to develop a simulation model of TAU 

by using the commercial multi-body dynamics software 
Simscape within the MATLAB Simulink environment [24] 
because this enables us to skip theoretical derivation and the 
outcome is compatible with the later linearization step.  

The process of building the simulation model is rather 
straightforward. The way of modeling is based on the idea of 
building a “kinematic tree” where the root is the base of the 
robot and the leaf is the end-effector and this approach is 
usually for serial mechanisms. To generalize this to PMs, we 
still build the PM as a tree first with all the chains 
unconnected as branches. Then the chains are connected to 
the moving platform and form kinematic closed loops. Each 
branch is built with defining links and joints as Simscape 
blocks with connectivity, geometric, and mechanical 
properties. The inputs/outputs (I/Os) are defined to match the 
physical system of TAU. This modeling method is not 



  

restricted to any particular structure as long as the structure 
is supported by the software.  

B. Linearization of the Simulation Model 
Linear Analysis Tool (LAT) in MATLAB is used for 

linearization of the simulation model. Since the application is 
limited to a motion within the neighborhood of a fixed point, 
a linearized model at that operational point (OP) is sufficient. 
The outcome is a linearized time-invariant (LTI) state-space 
form of the full dynamics, which takes the basic form as 
follows 

 
= +

 =

x Ax Bu
y Cx



   (1) 

The input to the Simscape model is =u τ  and the output is 

,
TT T =  y q q . When applying LAT to derive the linear 

model, the state is a 12x1 vector decided by LAT.  

Because there are multiple sets of states that could fully 
define the state of the system, LAT picks a state vector by its 
internal algorithm, but the picked state vector may not be 
useful for the control design. So we convert the 
automatically generated state-space model through linear 
transformation so that the new state vector is directly related 
to the joint positions and speeds.  

Since C is invertible, we get 1−=x C y .  

Left multiply C to first equation of (1) and we get  

 = +Cx CAx CBu   

Substitute all the terms related to x and we get 

 -1= +y CAC y CBu   

which also has the form of the first equation of (1). So we 
have 

 1, ,−= = =x y A CAC B CB 

   

Up to this point, we have already simplified and 
linearized the high-fidelity simulation model that captures 
system dynamics to an LTI state-space model and it is ready 
for well-developed controller design methods like pole-
placement or LQR.  

C. MIMO Approach 
The MIMO approach has the advantage of taking into 

account the coupling effect among the joints which is 
important for PMs. LQR is good for penalizing large control 
input which is more likely to lead to instability for haptic 
applications. Favoring small control input over high accuracy 
also helps to keep the motors away from saturation if 
possible.  

As for controller design, we consider the LTI state-space 
model from Section IV.B as our control plant. A full state 
feedback structure is chosen as shown in Fig. 2. To eliminate 
steady-state error and to hold the pose when there is F/T 
disturbance on TCP, an integrator is added and the state 

vector is thus extended with 6 additional states for 
integration of position error in each joint  

 ( ), ,
T

T T T T
ad dt = − ∫x q q r q   

and the state-space model changes accordingly to 
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The Q and R matrices are initialized as identity matrices 
and tuned to satisfy the control requirement. Through trial 
and error, we set  
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The tuning is based on the intuition that we need a better 
position tracking accuracy than that for velocity and a small 
penalty on high control input. Note that the numbers in the 
two matrices are relative to each other and can be considered 
as weights. If R, the penalty on high control input, is larger, 
the system cannot meet the rise time requirement. If the 
entries in Q with respect to error integration are smaller, the 
system cannot meet the time requirement for recovering from 
disturbance at TCP. If the entries in Q with respect to joint 
position are smaller, the system cannot meet the deviation 
requirement. 

 
Figure 2. Control block diagram of an LQR controller with integrator for 

the MIMO system 

D. SISO Approach 
The SISO approach has the advantages of scalability and 

simplicity. Simplicity is very important for the controller to 
be implemented on a resource-constrained microcontroller as 
computation time is crucial to the stability of haptic 
applications.  

The basic idea is that although the system is multi-DOF, 
a single PID controller is designed for each motor regardless 
of the kinematic or the dynamic model of the whole system. 
The controller uses typical 2-DOF output feedback and is 
implemented with a low pass filter and anti-windup using 
back propagation technique [25]. Only the dynamics of the 
motor is taken into consideration and because of that all the 
controllers could be similar, or even identical, making the 
control design process shorter and easier to scale to systems 
with a different number of DOFs. This control idea is widely 
used in industry because PID controllers are considered 
matured with good reliability.  



  

Based on the control plant associated with the motor for 
each joint, all the parameters for the controller are computed 
according to the control requirement such as overshoot and 
rise time with some margin. Correspondingly, the closed-
loop natural frequency is 100 rad/s and damping 0.78. The 
performance is verified for each motor individually to meet 
the requirement. 

V. SIMULATION RESULTS 
This section presents the simulation results of our 

proposed controllers.  
The simulation aims at rendering a stiff wall at 0z = . The 

simulation initializes the TCP at the origin. The TCP is in 
contact with the virtual wall. A disturbance force in the z 
direction is applied to the TCP, imitating the human user 
pressing the TCP against the virtual wall with random forces. 
The step disturbance jumps from 0 N to 5 N, remains for 
0.25 second, and then goes back to 0 N. The system output 
and control input are recorded after each simulation and the 
simulation runs for both controllers described in this paper.  

To visualize the position, we choose to plot the joint 
angles directly instead of TCP pose. Although the 
disturbance is only applied to z axis, the deviation could be 
in all 6 DOFs, so TCP pose is not that straightforward to 
compare. On the other hand, although not intuitive, joint 
angle plots provide an easy way to compare the deviation. 
From Fig. 3, we can see that the MIMO controller has a 
shorter settling time with a smaller deviation in general. 
Maximal deviation and torque is given in Table III. Maximal 
deviation is defined as the maximal absolute deviation from 
the desired position. Maximal torque is the maximal absolute 
torque a motor needs to generate. This is to check the motors 
are well within their torque capacity. From the table it is 
clear that the MIMO controller has smaller deviations in all 
joints except joint 6. This can be explained by the fact that 
large control input is more penalized over large deviation.  

Correspondingly, maximal torque for joint 6 with the 
MIMO controller is lower than with the SISO controller and 
this is actually true for all the joints. However, the SISO 
controller generates larger control input with larger deviation 
for joints 1 to 5. This indicates that the torque from the 
motors is not efficiently used to reject the disturbance. It can 
be contradicting each other among motors. Back to the 
position plots, the SISO controller tends to have more 
overshoot or oscillations around the steady state value and 
sometimes have 2 peaks instead of one. This coincides with 
the motor torque plots where the SISO controller has more 
oscillations and higher amplitude. This can be another piece 
of evidence that the motors are not as well coordinated as 
with the MIMO controller. With the power of the motor and 
the gear ratio in mind, it is considered that each motor can 
apply 2 Nm torque to each joint. So currently, all motors are 
well within the saturation limit. 
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Figure 3. Joint position deviation and control input torque for each joint 
given a force/torque disturbance at the TCP 

 
 
 
 
 

TABLE III.  SIMULATION RESULT COMPARISON 

Joint 
Number 

Maximal Deviation  
(10-5 rad) 

Maximal Torque  
(Nm) 

MIMO SISO Ratio* MIMO SISO Ratio* 

1 26.93 34.63 0.78 0.77 0.81 0.95 

2 7.92 17.70 0.45 0.35 0.39 0.90 

3 27.02 34.89 0.77 0.77 0.79 0.97 

4 8.46 16.65 0.51 0.12 0.15 0.78 

5 2.15 3.98 0.54 0.02 0.09 0.21 

6 11.33 9.86 1.15 1.05 1.23 0.85 

*. The ratio is calculated with value of MIMO over that of SISO  

VI. DISCUSSION  
For the approach presented in this paper for haptic 

rendering, we choose to render the contact with a stiff wall as 
a first initial test case. This choice is made due to similarities 
between this and a position control problem and 
methodologies to solve the latter problem can be used with a 
new set of design criteria for this problem. Two different 
position control ideas have been simulated for a test case and 
the most promising is chosen for further research. The 
simulated test case is the haptic rendering for a desktop 6-
DOF parallel haptic device called TAU [22] previously 
developed at KTH. The device has novel asymmetric 
mechanical structure that is rarely studied in the literature. 
Our approach avoids the complicated task of deriving the 
dynamic model from mechanics principles and the obtained 
linear model is efficient for real-time control. Although the 
proposed approach is only applied to this specific TAU 
device, there is no obvious limitations for the approach to be 
generalized to other PMs, or even serial ones. 

VII. CONCLUSIONS AND FUTURE WORK 
In this paper, we present a new approach to solve the 

problem of rendering stiff interaction as a position controller 
design problem. This allows us to apply mature position 
controller design methodologies to solve this haptic 
rendering problem. With rendering a stiff wall as our initial 
case and control objective, the design focus shifts from 
position accuracy to disturbance rejection to better serve the 
new control task. We can conclude from these initial 
investigations that the proposed method shows acceptable 
performance in simulation which indicates that it can be an 
alternative method for haptic rendering. The results also 
show that for a 6-DOF parallel haptic device, treating the 
whole system as an MIMO system is better than simply 
decoupling it into multiple SISO systems in control. 

For future work, we would like to explore the rendering of 
more complex virtual objects to fully develop this method. 
Currently this is done to one point in workspace and the 
logical next step will be applying this to multiple points to 
simulate more realistic and meaningful objects. Another 
direction will be to apply this method to other devices, or 



  

even a serial one, to see if the MIMO approach from this 
paper is still better than the SISO one.  
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