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Abstract—Conventional force rendering methods in haptic
applications often suffer stability issues when simulating
interactions with 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 modeling the wall as a
spring-damper system. Therefore, we propose an approach using
a position controller to achieve better haptic rendering of the
virtual wall. The proposed approach exploits model-based
development tools to obtain the linear control system model
without the need for an analytical model of the dynamics of the
haptic device. A simulation-based performance comparison of
two different controllers has been made for a 6-DOF parallel
structure haptic device.

Index Terms—Haptics, force rendering, kinesthetic devices,
dynamic systems and control.

I. INTRODUCTION

HAPTICS is the study of the sense of touch and it contains

a wide range of interesting subtopics. This paper uses the

term “haptic feedback” mostly for force feedback, which ena-

bles interactions with a virtual environment by holding a hand

tool. Analogous to visual rendering, haptic rendering generates

some haptic sensations, such as a mouse click, a gun recoil, or a

collision. Thus, haptic devices can be found in applications

range from daily mobile devices [1], [2] to specialized devices

such as game controllers [3], [4], research devices [5]–[7], and

dental simulators [8]–[10]. The concept of haptic feedback is

also often mentioned in other related areas like tele-robotics,

master-slave control, and bilateral control.

The origin of the commercial haptic device, Phantom, can

be dated back to at least 25 years ago [11]. However, the solu-

tion to one of the major challenges like stably rendering con-

tact with a stiff surface still remains to be improved before the

technology is safe to use in areas like surgical robotics. The

conventional haptic rendering method contains 5 steps,

namely, position sensing (in joint space), position computing

(in workspace), collision detection, interaction force comput-

ing, and actuators/motors reference signal computing [12].

The reference signal here is often a motor torque signal, so the

subsequent motor control is basically a force control. Given

the fact that there is normally no torque sensor used in the con-

trol system to monitor either the torque output from the motor

or the force felt by the user, the force control is done in an

open-loop fashion and the quality of the rendering is not moni-

tored. The effect of the rendered force is to counteract the

user’s force so that the haptic tool will stop on the surface.

The interacted virtual surface is usually modeled as a spring.

Thus the rendered force applied to the haptic tool is propor-

tional to the displacement of the tool into the surface. If the

surface has high stiffness, a small displacement can result in a

large force, which may make the system unstable.

Another challenge lies in the interaction between the continu-

ous-time physical world and the discrete-time virtual world,

generating extra energy when all systems are considered pas-

sive. This phenomenon is termed “energy leak” by Gillespie

and Cutkosky [13]. Many effects contributing to this phenome-

non, such as sensor quantization and time discretization, have

been studied and passivity-based methods have been developed

[14]. Colgate et al. [15] propose “virtual coupling” to put an

upper bound to the impedance of the haptic device. It serves

like a filter between the virtual world and the device; hence it

sometimes distorts the forces in magnitudes and directions in

an undesirable way to create artifacts. Adams and Hannaford

[16] later extend this impedance-focused approach to also

include the admittance model of haptic interaction. However,

this method cannot easily extend to render a dynamically

changing environment. Hannaford and Ryu [17] propose time-

domain passivity control, which deploys an observer to monitor

the extra energy in the system in real time and a variable damp-

ing to dissipate that. Later, Ryu and Yoon [18] extend this fur-

ther into a memory-based passivity approach with special

hardware to quickly save a huge amount of data. By recording

the interacting position-force graph between the device and the

environment, this method guarantees that the net energy coming

from the virtual environment into the system is always less than

0. They acknowledge that the application for the method should

emphasize more on stability than transparency, because the

resulting behavior is still conservative.

For the implementation, keeping the haptic rendering loop

operating at 1000 Hz also proves to be quite challenging. The

dynamics of the device, which is frequently used in the rendering

loop, can be relatively slow to compute because many nonlinear

processes are involved. In addition, the dynamics of a parallel

mechanism (PM) is mostly estimated by iterative or recursive
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methods, which introduce error and slow down the computation

further when it is hard to converge. For well-known PMs like the

Stewart-Gough platform [19] or Agile-Wrist [20], a closed-form

(or explicit/analytical) solution of the dynamic model can be

derived, thus the evaluation is faster than using numerical meth-

ods. However, such solution relies on the symmetry of the actual

mechanism and cannot be generalized to work on more general

PMs. Cheng et al. [21] obtain the closed-form dynamic model of

a 2-DOF redundantly actuated planar PM because the structure

is relatively simple and has symmetry. The results for 4 different

control structures verify that shortening the execution time will

improve accuracy in position/velocity. They achieve that by

bringing a part of the computation offline. Corbel et al. [22] sim-

plify the dynamic modeling of a well-known PM, Delta, even

more by making two main assumptions: the inertia of the

“forearm” linkages is ignored and their mass is split and com-

bined into their connected neighbors. This avoids calculations

associated with these linkages, making the control meet its exe-

cution time requirement. This is a practical and reasonable com-

promise because their application is high-speed high-

acceleration and shorter execution time is valued more than

tracking accuracy. Instead of modeling the full dynamics, Abdel-

latif and Heimann [23] identify a reduced set of dynamic param-

eters to increase the efficiency of the identified dynamic model.

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,

Diaz-Rodriguez et al. [24] propose a workflow to identify a

“reduced model” for a 3-DOF PM. It is an iterative process and

the reduced set is achieved by checking whether the inertial

matrix is positive definite and, if not, removing the parameter

with the largest standard deviation. The results again verify that

less computational load is important for real-time implementa-

tion. All of these methods aim to achieve a faster dynamic evalu-

ation within a typical haptic rendering loop.

In summary, the traditional haptic rendering computes inter-

acting force to stop the haptic tool on the surface. Passivity-

based methods guarantee stability but sacrifice transparency.

The methods aiming at faster rendering loop usually require

some special properties in the actual mechanism or user case,

making them inapplicable to other mechanisms or cases. To

overcome some of the shortcomings of the previously men-

tioned methods, we propose a general modeling approach

applicable to any structure and a position controller to regulate

directly the position of the haptic tool. The idea of proposing

position-controller-based haptic rendering is to render stiff

interaction by avoiding penetration into the surface instead of

computing force based on penetration. Noted that our study

focuses on interaction force computation. Other steps in con-

ventional haptic rendering are considered solved.

The investigation of this approach with a position controller

for haptic rendering has been formulated as two research ques-

tions (RQs):

RQ 1: Can haptic rendering of stiff interaction be

solved as a position controller design problem?

RQ 2: How much stiffness can this new approach

achieve?

To answer these research questions, this paper is organized as

follows: we briefly introduce a test case haptic device called

TAU in Section II and Section III presents the intuition behind

the proposed approach. The whole controller design process

from plant modeling to discrete time design is shown in details

in Section IV. Section V shows the methodology in conducting

the simulations and motivates the choice of performance metrics

to evaluate. Results for different approaches on a virtual proto-

type under two different scenarios are compared in Section VI,

followed by a co-simulation verification in Section VII. These

results are further discussed in Section VIII. Finally, conclusions

are presented in Section IX along with a list of future work.

II. DESCRIPTION OF TEST CASE

The test case for this paper is a desktop 6-DOF parallel-struc-

ture haptic device called TAU that has been previously devel-

oped in the group at KTH for virtual dental training [25], [26].

It is a general PM that 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 link connected to the

base is always called the link 1 in that chain with length L1 and

link 2 is the one connected to the platform with length L2. Such

asymmetric structure distinguishes TAU from most well-

known PMs and also results in a more complex and computa-

tionally heavy dynamic model, 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 actuators close to or fixed onto the base to min-

imize mass and inertia effect on the moving platform. Optical

encoders are used at each active joint to measure the joint

angles. The moving platform is equipped with a 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

The TAU haptic device is developed with the aim to pro-

vide force/torque (F/T) feedback to help dental students

develop necessary motor skills for the real dental operations

while training in a simulated virtual environment (VE). For

this type of applications, a singularity free workspace of a 50

mm cube is enough while keeping the footprint of the device

relatively small. The origin for the workspace coordinate

frame is defined to be in the center of the cubic workspace.

Within the workspace, the moving platform can achieve �10

degrees of rotation along all axes with respect to (w.r.t) the ini-

tial pose. The device itself can fit in a 250 � 250 � 300 mm3

box. A schematic of the kinematic structure with the main

design parameters is given in Fig. 1 and the design parameter

values is given in Table I.

B. Definitions in Kinematic and Dynamic Model

The task of haptic rendering can be treated as a simple con-

trol problem: given the TCP motion in the Cartesian space,
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driven by both the user and the device itself, design a control-

ler that generates a motor torque reference so that the user

feels the right haptic feedback. Without losing generality or

consistency with previous work [25], the TCP pose in Carte-

sian space can be represented by a 6-by-1 vector

X ¼ px; py; pz;a;b; g
� �T

where ðpx; py; pzÞ denotes the position coordinates and

ða;b; gÞ the orientation angles of the tool along x, y, and z

axis, respectively. The motion of the TCP is actuated by the

active joints and the mapping from Cartesian space to joint

space representation is the inverse kinematics. In the joint

space, the pose of the device is also defined by a 6-by-1 vector

q ¼ q1; q2; q3; q4; q5; q6½ �T (1)

where qi denotes the angular position of joint i. These are the
active joints that govern the motion of the device while the

rest of the joints are passive. Accordingly, the force to be ren-

dered here is a 6-DOF force acting on TCP in Cartesian space,

defined by a 6-by-1 vector

F ¼ Fx; Fy; Fz; Tx; Ty; Tz

� �T
and the joint torque to achieve that is defined as

t ¼ t1; t2; t3; t4; t5; t6½ �T (2)

where ti denotes the joint torque on joint i. The mapping in

between is the Jacobian matrix J, which is commonly found in

kinematics studies and calculated in [25].

t ¼ JTF (3)

III. AN APPROACH USING POSITION CONTROL

In the scenario of interacting with a stiff virtual wall, which

we are using in this paper, a common approach is to model the

virtual wall as a spring-damper system, as shown in the top

part of Fig. 2. However, this approach can be problematic

when trying to render a wall with very high or even infinite

stiffness, because a small displacement can lead to huge force

output.

In this paper, we continue to develop the approach pre-

sented in a previous paper [27]. We have selected a simple but

representative case where we render the interaction with an

ideal stiff wall with infinite stiffness as an initial step for

investigating the formulated research questions. Conventional

haptic rendering approaches estimate the contact forces in

Cartesian space that occur during the interaction. However,

our approach focuses on the positional aspects during the

interaction. If the wall is ideal with infinite stiffness, the TCP

cannot penetrate or deform it. Then the desired behavior of

rendering a stiff wall can be achieved by designing a position

controller to regulate the position of TCP fixed at the collision

point once the collision happens. As indicated in Fig. 2, the

signals coming into and out of the proposed controller are still

the same with the traditional one but instead of estimating the

interaction force in the Cartesian space, the controller

TABLE I
DESIGN PARAMETERS

Fig. 2. Illustration of the common approach (top) and the proposed approach
(bottom).

Fig. 1. Kinematic diagram of TAU with some of the design parameters from
Table I. The active joints, driven by actuators, are denoted with q1 to q6. Other
types of joints are also labelled.
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guarantees no penetration (in position) to automatically gener-

ate the joint torque needed to achieve that.

Because the proposed position controller keeps the TCP

fixed at one point with no motion, the user-applied force to the

TCP should be 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. With this change of view, all methods related to position

controller design can be applied to deal with this haptic ren-

dering problem.

For a position controller, the control goal is to keep the TCP

at a given point in the workspace and reject disturbance on the

TCP. Here we consider user-applied force as disturbance

instead of input to the system. The TCP shall not move if the

user-applied force can be counteracted within the saturation

limits of the actuators. This gives the control goal in the Carte-

sian space while the control algorithm is formulated in joint

space since the motion of the TCP is tracked by joint encoders.

Therefore, the position reference in the Cartesian space is

mapped into joint space by the inverse kinematics of TAU.

The controller is developed with typical requirements for a

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. Some of the parameters here are chosen

from a pure control stand point while others are based on stud-

ies on human perception limitations [28]. Specifically, the set-

tling time is based on the result reported in [29] that the

minimal noticeable delay can be 61 ms for system delay and

132 ms for “front-end” delay. Additionally, the controller

should be robust against random and sudden change of the

user force. This yields the requirement that when there is F/T

step disturbance at the TCP, the maximal deviation should be

less than 0.001 rad for every joint. This corresponds to posi-

tion 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.

IV. CONTROL DESIGN

The control design process can be divided into two major

phases: plant modeling and discrete control design. The first

phase is to model the control plant. Based on the control plant

model, the second phase deals with designing the controller.

Although the two phases are in this order, the controller cho-

sen to be designed in the second phase actually affects the

requirement for modeling in the first phase. Because we have

already decided the structure of our controller at this point to

be an LQR-based position controller due to its advantage in

penalizing large control input, the plant model we need to

develop for that controller should be a linear time-invariant

(LTI) state-space model [30].

A. Plant Modeling

Traditional modeling of control plant involves a mathemati-

cal formulation of the device dynamics. This can be tedious

and prone to human error especially for a parallel mechanism.

In addition, the obtained model is often highly non-linear and

inapplicable as a control plant without some simplifications.

Our approach avoids this step of mathematical formulation of

the dynamic model. Instead, it starts by building a simulation

model and then extract the LTI state-space model from it with

the help of some tools and reformulation. The steps in this

phase are illustrated in Fig. 3 and further elaborated as

follows.

1) Development of a Dynamic Model: The first step is to

develop an implicit dynamic model of TAU as an alternative

to a closed-form dynamic model with explicit dynamic equa-

tions. Here we choose the commercial multi-body dynamics

software Simscape, which is a modeling module within the

MATLAB/Simulink environment. One of the main reasons to

choose Simscape is that it supports the modeling of PMs. It

also gives us a model that is compatible with the MATLAB

linearization tool used in the next step.

The process of building the dynamic model in this simula-

tion environment is rather straightforward. The way of model-

ing 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.

This approach is common for serial mechanisms (SM), hence

the term “end-effector” is used. To generalize this to PMs, we

still build the PM as a tree first with all the chains unconnected

as branches. This middle step is illustrated in Fig. 4, where

links and joints are drawn with rectangular boxes and oval

circles, respectively. All the active joints are revolute joints

and all the joints without the “active” label are passive joints.

In the figure, Chains 1 and 2 are only drawn once because

they have similar mechanical structure. Every branch ends

TABLE II
CONTROL REQUIREMENTS

Fig. 3. Flow chart of generating control plant.
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with a spherical joint as the leaf node. Then the leaf nodes are

connected to the moving platform, which forms kinematic

closed loops. This gives us a PM that finally resembles the

kinematic structure illustrated in Fig. 1. In detailed implemen-

tation, each branch is built with defining links and joints as

Simscape blocks with connectivity, geometric, and mechani-

cal properties. The process of connecting blocks makes it eas-

ier than propagating the rigid body equation of motion from

root to leaf by hand. The inputs/outputs (I/Os) are defined to

match the physical system of TAU, having joint torque as

input and encoder reading as output.

2) Linearization of the Dynamic Model: The second step is

to linearize the dynamic model generated from the previous

step at an operational point (OP). We use the Linear Analysis

Tool (LAT) in MATLAB to accomplish this linearization.

The OP is chosen to be in the center of the cube-shaped work-

space. It should be noted that we only linearize the model at

one OP for the current study. The output from the LAT is an

LTI state-space model of the full dynamics, which can be

expressed as

_x ¼ AxþBu
y ¼ Cx

�
(4)

This is just the general form of an LTI state-space model.

The input to the Simscape model is u ¼ t as defined in (2)

and the output is y ¼ ½ _qT ;qT �T , where q is defined in (1).

The A, B, and C matrices are constant coefficients of the LTI

model. When applying LAT to derive the linear model, the

state vector x is a 12�1 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. However, the picked state vector may not

be convenient for the control design because some of the states

are hard to measure or observe in the physical system. This

means that we need to convert the automatically generated

state-space model through linear transformation to a new state

vector that is directly related to the joint position and velocity.

In implementation, we check that C is invertible so we get

x ¼ C�1y.
Left multiply C to first equation of (4) and we get

C_x ¼ CAxþCBu

Substitute all the terms related to x and we get

_y ¼ CAC�1yþCBu (5)

which also has the form of the first equation of (4)

_~x ¼ ~A~xþ ~Bu
~y ¼ ~C~x

�

where

~x ¼ y; ~A ¼ CAC�1; ~B ¼ CB; ~C ¼ 06�6 I6�6ð Þ

3) Augmentation of the Linearized Model: Standard state

feedback control of linear systems has difficulty to regulate

the output at arbitrary reference values. To overcome the limi-

tation, an integral action is added in the state feedback control.

An illustration of the new control structure is given in Fig. 5.

The integration of the error between the reference and the out-

put is included in the control input. Similar to the integration

part of the PID control, the integration of the error will ensure

zero steady-state error. To adapt to the state feedback control

structure, the integral action is considered as an augmented

state vector.

Let r be the vector of reference values for the six joints. We

define the error between the reference and the output as

D ¼ r� q (6)

and the additional integral states as

xi ¼
Z

Ddt ¼
Z

ðr� qÞdt

evidently,

_xi ¼ D ¼ r� q

Fig. 4. An illustration of a middle step in dynamic modeling to smoothly
transit from kinematic schematics to a Simscape model.

Fig. 5. Control block diagram of an LQR controller with integrator for the
MIMO system.

650 IEEE TRANSACTIONS ON HAPTICS, VOL. 14, NO. 3, JULY-SEPTEMBER 2021



The augmented state-space model of the system (noted with

a subscript) becomes

_xad ¼ Aadxad þBaduþBrefr (7)

where the augmented state vector is extended with the addi-

tional integral states

xad ¼ ~xT ;xT
i

� �T
(8)

and the state-space model matrices are

Up to this point, we have built a high-fidelity simulation

model that captures system dynamics, linearized it to an LTI

state-space model, and augmented it to eliminate steady-state

error. This is our control plant that will be used in the next

step to design a discrete time LQR-based position controller.

B. Discrete Time Design

The second phase is to design a controller for the control

plant. As stated before, we choose to design a centralized

LQR position controller because it has the advantage of con-

sidering the coupling effect among the joints and penalizing

large control input. By carefully designing the weight matrices

Q and R in (12), a balance between small control input and

high accuracy can be reached to keep the motors away from

saturation if possible. However, the control plant we generated

in the previous phase is still in continuous time. So we need to

first transform the plant model to discrete time and then design

the controller in discrete time.

1) Discrete Time Control Plant: As the first step in this

phase, the discrete-time state-space model of the control plant is

obtained by the Zero-Order Hold (ZOH) method because it pro-

vides an exact match between the continuous- and discrete-time

systems in the time domain for staircase inputs. ZOH implies

uðtÞ ¼ u j½ �; jTs � t � ðjþ 1ÞTs (9)

where j is the discrete time step. Then we have

xad½jþ 1� ¼ AadDTxad½j� þBadDTu½j� þBrefDT r½j� (10)

where

AadDT ¼ eAadTs

BadDT ¼
Z Ts

0

eAadtdt

� �
Bad

BrefDT ¼
Z Ts

0

eAadtdt

� �
Bref

The e here is the natural constant. The subscript is extended

from “ad” to “adDT” to denote that it is the augmented model

in discrete time.

2) Control Problem Formulation: The second step is to

design the controller in the discrete time domain. The control

goal of this controller, as discussed earlier, is to keep the TCP

fixed at the collision point so that the deviation off that point

is minimized under random disturbance. The control problem

is formulated as an infinite-horizon discrete-time LQR to find

the optimal gain matrix KadDT such that the state-feedback

control law

u j½ � ¼ �KadDTxad j½ � ¼ � Kc jKið Þ ~x j½ �
xi j½ �

� �
(11)

minimizes the quadratic cost function

CostðuÞ ¼
X1
j¼1

xT
ad½j�Qxad½j� þ uT ½j�Ru½j�� �

(12)

for the discrete-time state-space model demonstrated in (10).

This is calculated by first solving the associated Discrete-time

Algebraic Riccati Equation [29] that is

P ¼ ATPA� ATPB
� �

RþBTPB
� ��1

BTPA
� �þQ

where P is the solution to the equation and the “adDT” sub-

script for A and Bmatrices is dropped for keeping the equation

clean. With P, KadDT is achieved through

KadDT ¼ RþBT
adDTPBadDT

� ��1
BT

adDTPAadDT

� �
It should be noted that in implementation, KadDT is obtained

by the LQR solver offered by MATLAB. The LQR function

in MATLAB takes the state-space model AadDT and BadDT as

well as the Q and R matrices as input arguments and computes

KadDT which is later split into Ki (the gain w.r.t the integral

states) and Kc (the gain w.r.t the rest of the states).

The Q and R matrices are initialized as identity matrices

and tuned to satisfy the control requirement listed in Table II.

Based on numerous systematic tests, we get

Q ¼
I6�6 06�6 06�6

06�6 103 � I6�6 06�6

06�6 06�6 107 � I6�6

0
B@

1
CA

R ¼ I6�6

The tuning is based on the objective that we need a better

accuracy for position tracking than for velocity and a small

penalty on high control input. Note that the relative ratio

between elements in the two matrices is more important than

the exact value. If R, the penalty on high control input, is

larger, the system cannot meet the rise time requirement. If

the entries in Q w.r.t error integration are smaller, the system

cannot meet the time requirement for recovering from distur-

bance at TCP. If the entries in Q w.r.t joint position are

smaller, the system cannot meet the deviation requirement.

Aad ¼
~A12�12 012�6

06�6 �I6�6 06�6

 !

Bad ¼
~B12�6

06�6

 !
;Bref ¼ 012�6

I6�6

� �
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As a de facto standard for haptic rendering applications, the

controller is designed with a sampling frequency of 1000 Hz

[14], [30]. For our designed controller in Fig. 5, the fastest

closed-loop pole is around 2480 rad/s, which is well below

half of the sampling frequency of 6280 rad/s.

Apart from developing the proposed controller, we also

implemented a baseline controller to be used as a reference for

comparison with our newly proposed controller. The baseline

controller used in this paper is from [32], which is also used as

a comparison controller in [33]. It is an impedance controller

that models the stiff wall as a hard spring with a certain stiff-

ness. When the tool has penetration into the stiff wall, the

responsive force to push the tool away from the wall is com-

puted as the multiplication of the penetration distance and the

stiffness according to Hooke’s law. The responsive force on

the tool is mapped to joint torques. The stiffness of the wall is

set to be 6000 N/m and the reason behind the choice is

explained in later sections.

V. SIMULATION METHODOLOGY

As we mentioned in the previous section, when we generate

the control plant, we also build a Simscape model of the

device, which can be used for simulation verification. This

simulation result is later verified by a MATLAB-ADAMS co-

simulation, which will be presented in Section VII.

To verify the advantage of the proposed approach, simulations

of the TCP pushing a stiff wall are studied. Because we formulate

the haptic rendering problem as a position control problem, the

human force exerted on the TCP is considered a disturbance to

the controller. The goal of the simulation is to see how well the

controller can keep the TCP position under various disturbance

forces. To capture the response to different types of disturbance,

we have chosen two representative disturbance signals. One is a

step force signal, representing a sudden change of human force.

The other is a slow changing force signal, generated by a hand

motion and a hand model, representing a disturbance closer to

real user cases. Because we are rendering a flat wall parallel with

xy-plane, the disturbance is always along z axis towards the wall,

imitating a push on the tool to press against the wall.

The wall we are rendering is located at z ¼ 0, on which we

have defined a grid of uniformly distributed query points

(QPs). The x and y coordinate of the QPs range from �25 mm

to 25 mm with a step of 5 mm, resulting in a grid of 121 QPs

on the wall (Fig. 6). We query the performance of the control-

ler at each QP by running the same simulation repetitively to

have a performance distribution over the rendered wall. The

simulation is conducted as follows: the TCP is first initialized

at a QP, in contact with the virtual wall but with no interaction

force, which is the boundary case for collision detection.

Then, a disturbance signal is applied and the response of the

system is recorded and later analyzed.

Scenario 1 tests the force rendering effect under the step

force disturbance. The disturbance signal is shown below

F1ðtÞ ¼ Fsig1ðtÞ þ dnoise1ðtÞ (13)

where

Fsig1ðtÞ ¼ FstepðtÞ ¼
0; 0 � t < 1

Fc; 1 � t � 3

�

dnoise1ðtÞ ¼
0; 0 � t < 1

Nð0; 0:5Þ; 1 � t � 3

�

The force disturbance signal consists of two parts: a step

signal and a white noise. For the step signal, there is a 1 s

delay for the system to stabilize itself before the step happens

at time point t ¼ 1 s. The step level (Fc) is randomly generated

uniformly within the range of 8 – 15 N for each run. The step

signal holds for 2 s, until the end of the simulation. The total

simulation time for a single run is 3 s. The disturbance is over-

laid with a high frequency white noise signal. We use the nota-

tion Nðm; sÞ to indicate that the noise follows normal

distribution with a mean of m and a standard deviation of s.

The amplitude of the white noise is roughly 10% of the step

level. As stated, Monte-Carlo simulations are run at each QP

with the random disturbance signal defined by (13) to check

the robustness of the performance.

In Scenario 2, we disturb the system with a different type of

signal and the rest of the simulation setup stays the same.

Instead of having a step force disturbance, the main part of the

disturbance signal is a motion signal generated by a user-hand

model. The hand is modeled as a spring-damper system with

stiffness (kh) of 40 N/m and damping (bh) of 3.6 Ns/m accord-

ing to previous studies [34].

This model is introduced in the simulation by adding a

spring-damper block between the TCP and the hand, shown in

Fig. 7. Note here that we do not calculate Fh explicitly. The

force is the result of the relative motion between the hand and

TCP. That being said, the calculation of Fh should be

Fh ¼ Fspring þ Fdamper ¼ khðxh � pzÞ þ bhð _xh � _pzÞ (14)

Then we define the motion of the hand xh, which is deter-

mined by the final force level of the hand force Fc. Here, we

reuse the step level Fc mentioned in Scenario 1 for the final

force level because it is also randomly generated with the

Fig. 6. Illustration of a grid of QPs in the workspace for general setup.
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same range as before for the purpose of Monte-Carlo simula-

tion. The motion of the hand is described by the following

motion equations

ah ¼

0; 0 � t < 1

�ac; 1 � t < 1:45

0; 1:45 � t < 1:55

ac; 1:55 � t < 2

0; 2 � t � 3

8>>>>>><
>>>>>>:

vh ¼
Z

ahdt; xh ¼
Z

vhdt

The length of acceleration/deceleration period is decided to

ensure that the generated hand force changes smoothly. The

calculation of these values follows the routine of trajectory

planning where the assumption that the hand has a constant

acceleration ac during the time periods defined in ah. The rela-

tive motion between the hand and the TCP induces a force act-

ing on the TCP. This is what replaces the step force in the

disturbance used in Scenario 2. It should be noted that the

noise signal in Scenario 2 is only applied from 2 to 3 s, during

which the hand frame is not moving anymore.

F2ðtÞ ¼ Fsig2ðtÞ þ dnoise2ðtÞ (15)

where

Fsig2ðtÞ ¼ Fh

dnoise2ðtÞ ¼
0; 0 � t < 2

Nð0; 0:5Þ; 2 � t � 3

�

A. Study of Responses

In order to develop some metrics to compare the response

from the two controllers at different QPs, we performed some

preliminary simulations. By examining results from these pre-

liminary simulations, we realize that there are common char-

acteristics in the responses of the controllers regardless of the

choice of the QP. These characteristics will help us to better

define the performance metrics.

1) Responses for Scenario 1: For the proposed controller,

the TCP will go into the wall and come out in a very short time

in Scenario 1, as shown in Fig. 8. Usually there is only one “dip”

into the wall when the disturbance signal suddenly steps up and

for the rest of the time it stays at the surface of the virtual wall.

For the baseline controller to maintain a stable response, we

model the TCP with a damping of 4 Ns/m in z direction, based

on the recommended stability guidelines found in [15] that

bm >
KrTs

2
þ Brj j (16)

where bm is the mechanical damping of the system, Kr=Br

rendering stiffness/damping, and Ts sampling period. In the-

ory, this should guarantee stability when rendering a pure

spring wall (Br ¼ 0) with stiffness less than 8000 N/m. Con-

sequently, we set the stiffness of the wall to be 6000 N/m for

this controller and with the given damping, it shows an oscilla-

tion converging to a certain depth into the virtual wall.

2) Responses for Scenario 2: For the baseline controller, at

the end of the Scenario 2 simulation, a penetration occurs

because the controller treats the wall as a spring. This can be

seen in Fig. 9. This time, the oscillation disappears because

there is some damping in the user hand model.

Fig. 7. Illustration of the hand model.

Fig. 8. The disturbance signal and the corresponding responses from the
controllers for Scenario 1 at a random QP.

Fig. 9. The disturbance signal and the corresponding responses from the
controllers for Scenario 2 at a random QP.
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For the proposed controller, the behavior is quite different.

The TCP will almost stay at the surface of the virtual wall all

the time unless there is a sudden huge change in the distur-

bance force.

B. Performance Metrics

Based on the characteristics found in these preliminary

responses, we choose the following metrics to have a similar

discussion across all controllers and scenarios, which enables

better comparison on the performances of different controllers

in different scenarios.

We consider two stages that can characterize the whole

response of a controller. One is during the first impact and the

other is when the system reaches steady state. The first shows

the response to sudden changes and the second shows an over-

all performance. To better describe the performance in these

stages, we define the following metrics.

First impact penetration (Dz1) is defined as the depth of the

first penetration when a disturbance is applied. As we can see

from Fig. 8, there is a penetration, probably the largest one

throughout the whole simulation, corresponding to the sudden

appearance of the disturbance force. Because the aim of our

controller is to render a stiff wall, there should be no penetra-

tion into the wall. And because it shows the transient behavior,

it can be the worst case the controller can do during the whole

simulation.

First impact perceived stiffness (Kz1) is defined as the stiff-

ness calculated by

Kz1 ¼ F1ðtz1Þ
Dz1ðtz1Þ

where tz1 is the time point whenDz1 is reached.

Steady-state penetration (Dzs): for both scenarios, there is a

stage before the end that the disturbance force is not changing

if the noise is ignored. This stage is when the steady state is

considered to be reached. For Scenario 1, this is from 1 s to

3 s. For Scenario 2, this is from 2 s to 3 s. Dzs is defined as the

mean penetration during this stage to average out the transient

behaviors.

Steady-state perceived stiffness (Kzs) is defined as the stiff-

ness calculated by

Kzs ¼ Fc

Dzs

to represents the stiffness of the steady state.

All these metrics are not the final result to describe the per-

formance of the controllers but rather to evaluate a single sim-

ulation (at one QP). Because we are running Monte-Carlo

simulations for each QP with random disturbance force level

for 20 simulations, the final result to describe the performance

on a controller level is the mean and standard deviation of

these metrics. Then, the distribution of the final result over the

wall (for all QPs) will demonstrate how the performance vary

on the wall.

VI. SIMULATION RESULTS

As discussed in the previous section, instead of having one

number to describe the performance of the controller, we

would like to first show distribution plots over the rendered

wall for the performance metrics defined in Section V-B.

A. Scenario 1 with Force Model

With Scenario 1, the results demonstrate the response under

sudden quick disturbance changes, similar to the purpose of

doing a step test.

Fig. 10 shows the distribution of Kz1 over the wall for both

controllers. For our proposed controller on the top, the stiff-

ness rendered is not uniformly distributed over the wall. Along

y axis, it seems to have a tendency of increasing the stiffness

when the y coordinate increases but there is no such noticeable

trend along x axis. This can be the result of the TAU structure

having some symmetry w.r.t x axis but not so much w.r.t y

axis. To look at the result in another direction, this can be

related to the saturation of joint 6, which is 2 Nm. The angle

of joint 6 is denoted q6 in Fig. 1, providing an up-down motion

for Chain 3. In the previous paper [27], the researchers found

that joint 6 can have a different behavior due to the possibility

that most of the gravity of TAU is compensated by it, making

it work closer to the saturation limit. To illustrate this possibil-

ity, Fig. 11 shows the joint torque on joint 6 for two different

QPs. We use QP(x, y) to represent a QP on the wall with its xy

Fig. 10. The mean of Kz1 over 20 simulations at each QP for Scenario 1 dis-
tributed over the wall (top: proposed, bottom: baseline).
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coordinate. It is shown that even with the same level of distur-

bance (13 N in Fig. 11), joint 6 produces more torque to com-

pensate when the QP is closer to the bottom of the workspace

(smaller y coordinate). It is also verified that with higher Fc

and larger difference in y coordinate of QP, this effect is more

obvious.

As for the baseline controller, the result is fairly consistent

although the rendered stiffness (around 3000 N/m) is much

lower than the desired stiffness (6000 N/m). The achieved

stiffness only reaches around half of the desired result because

this stiffness calculation focus on the first impact which goes

into the wall a bit more than it should. It is rather flat on the

xy-plane compared to the figure of the proposed controller,

because the motor torques are probably well within the satura-

tion limit of the motors.

Note that the two distribution plots in Fig. 10 are not in the

same scale because the calculated stiffness are not of the same

magnitude. If we take a closer look at Fig. 8 for typical responses,

we can see that Dz1 for the proposed controller is much smaller

than that for the baseline controller. This is why the stiffness cal-

culated in this way differs with a magnitude of 10.

The distribution plots of Kzs (Fig. 12) show a similar trend,

though with a higher value. This is true especially for the base-

line controller as it renders a stiffness value around the desired

6000 N/m. The reason is that, when taking the average, the

oscillation is cancelled out, which leads to Dzs smaller than

Dz1. The result for the proposed controller is even higher and,

in some sense, can be considered as approaching infinity

because Dzs is close to zero. This also explains why the stiff-

ness values at different QPs vary quite a lot.

B. Scenario 2 with Hand Model

With Scenario 2, the idea is to simulate the interaction

between the device and the user hand, so as to test the perfor-

mance of the controllers.

Compared to Scenario 1, the change of force disturbance in

Scenario 2 is continuous and slow. This is closer to real inter-

action in the physical world and this should be an easier case

for both controllers.

Due to the nature of Scenario 2, Kz1 is not that relevant as

the impact is rather “soft”. If we compare Fig. 8 and Fig. 9, it

can be hard to find a first impact/dip. If we calculate Kz1, we

can get a number but it does not show us more insight on how

the controller performs because the first impact does not exist.

So for Scenario 2, we focus on Kzs, as shown in Fig. 13.

For the baseline controller, the result is well-aligned with

that for Scenario 1 although the stiffness value can be slightly

lower. This small decrease can be the result of the high fre-

quency small oscillations presented in Fig. 9. The result is still

acceptable because the mean stiffness over the wall is about

6000 N/m with a standard deviation of 75 N/m.

For the proposed controller, it is again another magnitude

higher, making it closer to the goal of rendering infinite stiff-

ness. It is not so clear from the figure but even the minimal Kzs

over the whole wall is still around 55000 N/m.

VII. CO-SIMULATION VERIFICATION

This section further verifies the performance of the pro-

posed controller through a MATLAB-ADAMS co-simulation

(CoS) setup to achieve more realistic simulations with a more

detailed device model.

The CoS combines the best parts of both software. MAT-

LAB/Simulink offers a simple way to build a controller while

ADAMS is well-known for building and solving simulations

for multi-body dynamics. How the two pieces of software

Fig. 11. The joint torque on joint 6 for different QPs.

Fig. 12. The mean of Kzs over 20 simulations at each QP for Scenario 1 dis-
tributed over the wall (top: proposed, bottom: baseline).
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interface with each other is demonstrated in Fig. 14. The

model of TAU is modeled in ADAMS and exported to MAT-

LAB as an S-function. This S-function only provides the inter-

face for the 2 pieces of software to communicate with each

other so that solving dynamic equations at each time step hap-

pens in ADAMS. The controller and the disturbance model

are implemented in MATLAB. The control input from the

controller and the disturbance force are input to ADAMS.

The joint angle measurements from ADAMS are fed back to

the controller in MATLAB to close the loop. Another motiva-

tion for CoS is that it can demonstrate some challenges when

we turn from simulation to real experiments because the

ADAMS model is more accurate w.r.t the real device. The

TAU device model for Simscape-based simulation is only

accurate in kinematics but the mass and inertia distribution of

the device is simplified to simple geometry and defined using

lumped models. The model in ADAMS, on the other hand, is

built based on the CAD models used in manufacturing the real

device.

The setup for CoS follows the methodology in Section V.

We only shrink the size of the simulation to have 9 (3-by-3)

QPs on the wall and the simulation is repeated 10 times

instead of 20. The total number of the co-simulations is 90.

The current implementation for CoS is quite time-consuming

as one single 3-second simulation will take about 40 minutes

to finish on a modern desktop computer.

Apart from that, we introduce a random discrete time delay

between the controller and the ADAMS model and run the

CoS again. The goal is to see whether our controller can deal

with some possible delays due to computation and communi-

cation. The random delay is an integer times of sampling time,

uniformly distributed from 0 to 3.

A. Control Requirements Verification

Given the CoS results, whether the performance still meets

the control requirements as listed in Table II is the first thing

to verify. The most important one in the table is that the TCP

position deviation in z axis direction, in other words, the pene-

tration, should be less than 1 mm. From this point on, we refer

to the Simscape simulation as Sim, co-simulation CoS, and

co-simulation with random delay CoS-D. The largest penetra-

tion achieved by our proposed controller during Sim, CoS,

and CoS-D for the force model disturbance is shown in

Fig. 15. The performances from Sim and CoS look similar and

are verified by t-test (0.05 as significant level) with the small-

est p-value larger than 0.1. The penetration for CoS-D looks

comparable with that from CoS or slightly worse, which

shows that random delay does have a negative effect on the

performance and our controller can handle it to some extent.

The results for the hand model disturbance look similar to

Fig. 15 and the overall largest penetrations for both scenarios

are well within 1 mm when there is no random delay in the

system, which meets the control requirement. For CoS-D,

only 3 out of 90 results show penetration larger than 1 mm but

they are less than 1.1 mm. More detailed values can be found

in Table III and the CoS-D numbers are shown in the brackets

Fig. 13. The mean of Kzs over 20 simulations at each QP for Scenario 2 dis-
tributed over the wall (top: proposed, bottom: baseline).

Fig. 14. The framework for MATLAB-ADAMS co-simulation.

Fig. 15. Box plots of penetration into the wall at 9 QPs under force model
disturbance for Sim, CoS, and CoS-D.
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as a special case for CoS. Note that only the data for the corre-

sponding 9 QPs from the Sim data are extracted for compari-

son with the CoS and CoS-D results.

B. Performance Verification

Now that the controller meets the control requirement even

when applied to the ADAMS model, we further verify that our

proposed controller still works better than the baseline control-

ler. The metrics introduced in Section V-B are used here

again. The result for CoS shows a variation from that for Sim

but our proposed controller out-performs the baseline control-

ler by a significant amount. Table IV shows that even the low-

est value for given metrics across all QPs achieved by the

proposed controller (p.c.) is significantly higher than the high-

est value achieved by the baseline controller (b.c.) regardless

of the scenario. Again, the CoS-D results are shown in brack-

ets behind the corresponding CoS tests. However, we should

clarify here that high values might be sensitive to small

changes in penetration so they can get quite noisy and vary a

lot. This effect is visible in figures like Fig. 10.

VIII. DISCUSSION

For the approach proposed in this paper for haptic render-

ing, we have chosen to render the contact with a stiff wall as a

first initial test case. This wall is positioned at z ¼ 0 and paral-

lel to the xy-plane and enables us to study the performance in

solely z axis direction.

Our proposed controller is compared against a baseline con-

troller which models the stiff wall as a spring-damper system

[33]. The goal of our controller is to render an infinite-stiffness

wall. This cannot be reached in real experiments so the result

of trying to reach this goal becomes render a wall as stiff as

the saturation limits allow. Most existing controllers are

designed to render a pre-defined stiffness. Due to this differ-

ence, the baseline controller can never render an infinite stiff-

ness but only what it is designed for. In addition, there is also

an upper bound of stiffness that can be successfully rendered

for a given device, which is governed by stability and satura-

tion. In this paper, we have designed the baseline controller

for TAU with the goal of rendering a stiffness of 6000 N/m

fulfilling requirements on stability and time response. It

should be noted that increasing the mechanical damping of the

system would improve this number but it is out of the scope of

this paper. Our focus is to design a controller with a given sys-

tem while the mechanical damping is a system property

instead of a control parameter that we can tune.

The control ideas behind the controllers are also different.

Instead of treating a stiff wall as a spring-damper system and

rendering by matching the desired interaction force, we propose

a position controller that prevents positional deviation (penetra-

tion) into the wall. The force reference is computed as a result

of achieving this. This change in controller seems to enable

more stable interactions when rendering a high stiffness wall

even when mechanical damping is low in the system. This is

verified by the simulation as there is no mechanical damping in

the model of TAU and it is still possible to render high stiffness

with stability when using the proposed controller. This also

makes sense because the stability of the position is achieved by

position feedback instead of mechanical damping in the system

to dissipate the extra energy. Similar findings can also be seen

in [33], [35] that the highest stiffness their proposed controller

can stably achieve is higher than the upper bound calculated

from the guidelines (16) in papers like [14].

Apart from the controller design, this study is carried out on

a device other than the well-studied ones like Phantom [33],

or even KUKA [35]. The device is a desktop 6-DOF parallel

haptic device called TAU [25] previously developed at KTH

that has novel asymmetric mechanical structure, 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 spe-

cific TAU device, there is no obvious limitations for the

approach to be generalized to other PMs, or even serial ones.

Compared with other 1-DOF haptic rendering studies, we

aim to get a general understanding of the performance over the

whole workspace instead of alone one specific line. In this ini-

tial study, we have performed 121 (QPs) � 20 simulations to

evaluate the performance in 1D by interacting with a stiff wall.

To verify the results from Sim, we carry out CoS as an alterna-

tive to real experiment. With different simulation environment

and device model, we are happy to see that the performance still

meets the control requirements. Although the results from CoS

are not consistent with that from Sim, it is reasonable and the

advantage of the proposed controller over the baseline controller

is preserved quite well. With a random delay introduced into the

system, the performance of the co-simulation should be one step

closer to the real experiment. Although we did not specifically

TABLE III
LARGEST PENETRATION ACROSS ALL 9 QPS

TABLE IV
EXTREME VALUES FOR METRICS FROM SIM AND COS
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design a dedicated module to handle delay, the results show that

the proposed controller can still meet the control requirement

most of the time and maintain a similar performance level w.r.t

the results without delay.

IX. CONCLUSIONS AND FUTURE WORK

In this paper, we have presented a new approach to solve

the problem of rendering stiff interaction as a position control-

ler 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 accu-

racy to disturbance rejection to better serve the new control

task. A Monte-Carlo simulation is conducted to test the robust

performance of the proposed controller and a CoS is followed

to provide some verification of the previous simulation results.

We can conclude from these initial investigations that the pro-

posed method shows acceptable performance in simulation

which indicates that it can be an alternative method for haptic

rendering. For the selected test scenario of rendering a stiff

wall, the proposed controller can render a stiffness at the level

of 104N/m. As demonstrated, this result should be quite robust

to disturbance force, human user behavior, and time delay in

the system. Due to the position feedback in the position con-

troller, the mechanical damping of the system is not a huge

factor of limiting the maximal stably rendered stiffness of a

given system, which opens new possibilities for trade-offs

between stability and transparency of a haptic device.

It should be noted that our proposed controller is only for

stiff interaction at the moment and it can be used as an alterna-

tive controller for that. As for other problems in haptic render-

ing like collision detection, we consider those out of the scope

of our study and solved well by other parts of the overall hap-

tic rendering algorithm. It should also be quite easy for our

proposed controller to work with other pre-existing rendering

approaches as our controller does not require additional sen-

sors and the interface with the whole structure is similar as

Fig. 2 implies.

In the future, we want to expand this approach and explore

the rendering of more complex virtual objects. We also plan

to verify our findings in this paper in real experiments on the

actual haptic device.
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