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Abstract— Instability in haptics-enabled systems due to behaviors of human operators or unknown
virtual environments can present safety issues. If manipulated inappropriately, then a haptic stylus
may be ejected with a velocity as high as 1.4 m/s as observed in our experiments. To prevent the
harms that are caused by ejection, three safety control models are thus proposed. The first one is a
simple controller based upon velocities and forces; and the others are derived from a grasp force
model which exploits the state of the haptic stylus including accelerations, velocities and penetration
forces to model the grasp force. Based on the force model, safety indicators called “safety
observers” are proposed to closely monitor system instability caused by for instance sudden release
of a haptic stylus from a user when interacting with virtual objects. In such a case, traditional control
methods fail to trigger a protection mechanism. In contrast, the proposed safety controllers can
generate appropriate damping forces to counteract system instability which is indicated by the
“safety observers”. Experimental results show that the proposed models can effectively reduce the
ejection velocities of a haptic stylus and stabilize the haptics-enabled system even in presence of
active forces. Since prior knowledge of virtual environments and additional hardware sensors are not
required, the proposed approaches have the potential to be widely adopted in haptics-enabled

applications.
Index Terms— Safety control, Haptic rendering, Grasp force, Stability, Passivity, Impedance

1 INTRODUCTION
Most haptic systems are modeled with a two-port framework [1] where a haptic interface with two ports

is connected between a human operator and a virtual environment to form a virtual coupling network.
Unlike conventional robotic manipulators, haptic devices interact closely with human operators. As the

devices actively generate physical energy, instabilities can damage hardware and even pose real dangers
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to human operators [1-4]. Safety issues are of particular concerns to disabled users who often have slow-
er defensive reflexes, relatively poor hand-eye coordination and diminished sensorimotor abilities that
lead to higher risks in operating haptic devices as compared with able-bodied users [5]. Take the “virtual
wall” experiment as an example as shown in Fig. 1. Suppose an indentation is to be made against the wall
along the negative Z axis. Based on passivity analysis, the system is passive if and only if the energy
flowing in exceeds the energy flowing out for all time. The energy difference is quantified with a metric,
called “Passivity Observer” (PO) [6]. Here, when the stylus of the haptic device is indented against the
wall, the wall is said to act passively while a positive PO value is observed. On the other hand, when the
stylus is released suddenly, it will be ejected abruptly toward the user along the positive Z axis, where the
system presents active behavior and a negative PO value is observed. The ejection velocities are in the
range from 0.2 m/s to as high as 1.4 m/s within 0.02 s, as evidenced by experiments. This could be a po-
tential danger to the user. Sudden release of haptic stylus during interactive virtual operations is not rare
since users are often required to perform repetitive actions for extended period of time, e.g. rehabilitation
practice, which is likely to lead to fatigue and results in unstable grasp of the haptic device. Other possi-
ble reasons of inadvertent release of haptic stylus include unfamiliarity with the manipulation of haptic

devices and the virtual environment, as well as interruption or distraction during the operations.
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Fig. 1. Schematic diagram of the virtual wall experiment.
In previous studies, many researchers focused on haptic-stability analysis in haptic interface design [2, 6-
10] to avoid potential threats to users. The instability of a haptic-enabled system is usually caused by

undesirable energy imbalance or “energy leakage” [11], leading to oscillations and vibrations of the sys-
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tem [12]. The stability of a haptic system depends on the human operator, virtual environment and haptic
device, while the behavior of later two — human operator and virtual environment — are highly unpredict-
able [2]. For example, the operator’s maneuver in the virtual environment may destabilize the haptic sys-
tem by reflecting excessive energy back into the system. A virtual environment may also exhibit active
behavior even it is designed to be a passive system due to time delays caused by numerical integration
schemes or network communication latency [13], or error resulting from quantization of human-device

interactions [7, 14]. Hence, virtual environments are often “non-linear” and difficult to model.

Although non-linear control theory and parameter-based methods [3] have been employed for stability
analysis of haptic devices, it is still challenging to completely avoid instability, in that they rely on the
modeling of the behavior of the users, their hands or arms, which is difficult to be modeled. To tackle
this issue, passivity analysis has emerged as an effective means for investigating the stability of both
linear and non-linear systems [15]. Whereas, the passivity requirement is a more stringent condition than
stability [12], i.e. a passive system is clearly stable or safe while a stable or safe system is not necessarily
passive. For example, oscillations or vibrations may be required by or intentionally introduced into some
haptically stable applications so that the haptic device can generate periodic and bounded oscillations
around an operating point in a stable manner, i.e., a non-passive behavior [12]. In these active haptic
systems, passivity control methods cannot be directly applied for safety control. Therefore, new safety-

control algorithms that can be used in various haptics-enabled applications are yet to be developed.

In this paper, three safety indicators, namely the Velocity and Force Observer (VFO), Hand Grasp Ob-
server (HGO) and the Windowing Safety Observer (WSO), are proposed to quantify the safety level of
haptic systems. Based on these indicators, safety control strategies are developed and evaluated with
experiments. Since the safety control strategies require no prior knowledge of the virtual environments,
they are applicable to a wide range of applications. The rest of the paper is organized as follows. Previ-
ous work related to robotic and haptic safety is introduced in Section 2. In Section 3, the hand grasp force
model, the proposed safety observers and the corresponding control strategies are presented. In Section 4,
the experiments conducted to evaluate the effectiveness of the safety control strategies are explained.

Lastly, discussions and conclusions are given in Section 5 and 6 respectively.



4 MULTIMEDIA TOOLS AND APPLICATIONS, VOL. #, NO. #, MM 2015

2 RELATED WORK
In this section, the related work on safety issues of interactions between machine and human is reviewed.

Since the haptic interface as mentioned in the previous section is closely related to robots, the work on
robotic safety is firstly reviewed. Then, the research related with haptic safety is introduced, mainly fo-
cused on virtual coupling and passivity analysis.
2.1 Robotic Safety

Though the interactions between human and industrial robots are well studied, the threats caused by the
robots have not yet been fully eliminated, especially with the emergence of new robot applications [16].
In these new applications, humans and robots cooperate with each other to fulfill tasks in the same work-
space. Industrial robots typically work alone in restricted areas to prevent any interactions harmful to
humans; while in physical human-robot interactions (pHRI), the robots make constant contacts with hu-
mans. Traditional robotic controllers such as proportional-integral-derivative (PID) controllers may not
be very suitable to the safety control [17]. The reported studies on solving safety issues in pHRI can be
divided into two main approaches, namely, passive safety and active safety [18]. The approaches of pas-
sive safety resort to safe mechanical design, by reducing the manipulator link inertia and weight using
lightweight but stiff compliant components to achieve intrinsic safety. On the other hand, research on
active safety attempts to prevent collisions or reduce the effect of collision on users by using some con-
trollers, e.g. impedance control [19] and optimal control schemes [20], or additional sensors, e.g. camera

and a force/torque sensor [21].

The level of safety is usually measured quantitatively with some safety indices. Many of the indices have
been proposed based on injury severity to develop safety controllers for industrial robots, e.g. the Gadd
Severity Index (GSI) [22] and the Head Injury Criterion (HIC) [23]. These injury indices originate from
the fields of automotive crash testing rather than robotics. Haddadin showed that classical severity indi-
ces established in the automobile industry cannot be transferred without modification to the field of ro-
botics [24]. When applying these indices to pHRI applications, it is necessary to ensure the conditions

under which these indices were developed are also satisfied for the robotics applications concerned [25].

Although safety regulations of industrial robots are well defined by standards such as 1ISO 10218 [26,

27], they are not readily extensible to pHRI applications (e.g. haptics-enabled systems), since the set-
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tings, functions and working mechanisms of pHRI robots are different from that of industrial robots. In
addition, the threats caused by robots are usually different from one system to another. Therefore, it re-
mains a challenging task to design a generic safety algorithm that is applied to ensuring the safety of
pHRI [16].
2.2 Haptic Safety

Very few studies focusing on haptic safety are reported in the literature. This could be explained by the
fact that the haptic interfaces are usually relatively small and less powerful when compared with industri-
al robots, thus attracting fewer attentions from researchers. However, as mentioned in previous section,
as haptic devices closely interact with users and high ejection velocity could be generated due to inap-
propriate operations or defective force-rendering algorithms. Therefore, reliable protection mechanisms
are also needed here, in view of the notable trend that the technology is now pervading into various ap-
plication domains. In previous work, researchers are dedicated to the design of algorithms that ensure

forces are rendered stably and systems respond passively.

Virtual coupling is a widely used method for guaranteeing stability in haptics-enabled systems. It usually
employs a combination of series and parallel elements interposed between the haptic device and the vir-
tual environment to limit the impedance range presented by the virtual environment. The technique of
virtual coupling between the haptic device and the virtual environment was first proposed by Colgate et
al. [14]. The aim was to ensure the stability of a haptic simulation and decouple the haptic rendering loop
running at a refresh rate of 1k Hz from the 30-Hz simulation loop. To achieve the desired decoupling
effect, the haptic device must be unconditionally stable, and the human operator and virtual environment
are supposed to be passive. While it is reasonable to assume that the operator is passive for stability anal-
ysis [28], the assumption of passive virtual environment is questionably since it is difficult to implement
numerical integration routines that can strictly adhere to the physical laws that govern the simulation
dynamics [2]. Another drawback of the virtual coupling is performance degradation due to excessive
energy dissipation in some conditions [4]. It has been demonstrated that even if the virtual coupling is
achieved for individual virtual environments to render a passive system, switching between different
virtual environments can still lead to system instability [29]. An alternative virtual coupling method has

also be developed based on the characterization of the energy exchange among the human operator, hap-
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tic interface and the virtual environment [1]. This method can be applied to all causality combinations
(admittance or impedance) and is less conservative than the passivity-based design. Optimal virtual cou-
pling parameters are derived by using a dynamic model of the haptic device and satisfying Llewellyn’s
absolute stability criterion [30]. Though stable force rendering can be achieved by virtual coupling, safe-
ty remains an issue, which must be solved particularly when haptic interfaces are applied to applications

like rehabilitation of motor skills.

Hannaford and Ryu introduced a passivity-control strategy based on a passivity observer and a passivity
controller [6]. This approach relied on the energy variables directly and made use of an adjustable damp-
ing element to keep the system passive. The damping element was activated only when negative energy
was observed and dissipation was necessary to achieve minimal damping. However, the time domain
passivity controller suffers from sudden and often large force changes when the passivity condition is
breached. To solve the problem, an energy-based time domain passivity control scheme was proposed [8],
where reference energy was incorporated into the passivity observer to smoothen the controller output.
Recently, a power-based time domain passivity controller was also proposed [10], where a stability con-
dition based on power rather than energy was monitored, so that the passivity controller was activated
more uniformly than that of the energy-based method. The issue caused by the sudden activation of the
passivity controller was thus alleviated. Moreover, the power-based method did not require numerical
integration in energy calculation and thereby avoiding error in the calculation. However, the time domain
passivity controllers presented in [8, 10] are based on the assumption that the information of the models
or virtual environments is known, which may not be the case with the wide variety of haptic applications,
e.g., haptic playback system [31] and haptics-enabled tele-operation system [4]. Another issue of the
passivity controllers is that it cannot be directly applied to those haptics-enabled systems with dynamic
objects or active forces. Hence, in view of potential safety issues, robust algorithms are still needed for

stable haptic rendering in unknown virtual environments.

3 METHODS
In this section, we first introduce a simple safety controller which is directly based on the velocities and

forces of the haptic interface. However, the ejection velocity cannot be greatly reduced by the controller,

as demonstrated in Section 4.4.1. Hence, two other controllers based the hand-grasp-force model are
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proposed. Based on this model, two safety observers are developed, namely, hand grasp observer and
windowing safety observer, followed by the corresponding control strategies.

3.1 Velocity and Force based Controller (VFC)
In traditional robotic safety control, the velocity of robots is closely monitored. If the velocity is very
high and is beyond a certain threshold value, the corresponding protection mechanism will be invoked.
However, the stylus of the haptic interface could be manipulated to move freely in the workspace at a
speed as high as 1 m/s, as observed in experiments. If the safety controller cannot differentiate whether
the high velocity is generated or not by the device, it can potentially create false alarms that misinterpret
normal operations as risky high-speed actions, triggering unnecessary protection mechanism and disturb-
ing the user. Hence, additional status of the haptic device, i.e. forces, is thus adopted here to distinguish
normal operations from accident stylus ejection. The Velocity and Force based Observer (VFO) pro-
posed for safety control is defined as,

Svf=V'F/(Vt'Ft)r (1)

where V is the velocity of the stylus, F is the force calculated based on virtual wall model, V; and F; are
the threshold values. The basic idea of the observer is that if the observed velocity and force are larger
than the thresholds at the same time, the system is considered to be under an unsafe condition. Based on
the observer, the safety controller is given by,

—E,—u-V,  ifS,>1
= 2
Fore { 0, else ' @)

where F is the control force, F, is the penetration force generated by virtual-wall force model, and p is a
damping constant. The first term (-F,) is to cancel the penetration force, while the second term (-p-V) is a

damping force to reduce the ejection velocities and impacts.

3.2 Hand Grasp Force Model
The human hand is so dexterous that tiny changes in hand gestures or configurations can result in differ-

ent dynamic behaviors [32]. An accurate model of the human hand is necessary not only to develop a
stable haptic device, but also to implement a safe haptics-enabled application. The model is also critical
for proper stability analysis, interface design, and improving haptic fidelity. Hence, a hand grasp force
model — a dynamic model of the human hand — is proposed for the development of a safety control strat-

egy for haptic systems. In the model, the haptic interface is regarded as a point mass and its dynamics is
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governed by the following differential equation [9]:
mA+ bV +c-sign(V) =F, + F,, (3)

where m is the physical inertia of the haptic interface, b is the viscous friction coefficient, c is the coeffi-
cient of dynamic Coulomb friction, A is its acceleration, V is its velocity, F, is the force exerted to the
haptic device by the virtual environment, and F is the force applied by a human operator. Therefore, the
grasp force, Fr can be given by

F, =mA+ bV + c-sign(V) — F,. 4)

3.3 Hand Grasp Observer

In order to monitor the hand grasp status, an indicator called Hand Grasp Observer (HGO), Sy is devised

and defined by

_ IR
| Fh |+

()

Sp

where a is a small positive force used to prevent division-by-zero error when |Fy| is zero (set to 0.001 N
in the experiments), and || is the absolute value operator . This indicator describes the hand grasp status
using the relationship between the grasp force and the virtual environment. If the user grips the haptic
stylus tightly when indenting against the virtual wall with a large depth D, the following approximation
holds,

|Fy Il Fy - KD (6)

where K is the spring constant. Consequently, Sy approaches 1, meaning that the haptic stylus is grasped
firmly and the system is under normal operations. If the hand releases the stylus suddenly, Eq. (6) does
not hold anymore, where F, equals zero and F, is still calculated by the spring model with a penetration
depth D. Then, Sy is approximated by

|F |
o

Shz

™

Since «a is small and |Fy[>>a, Sy>>1. Hence, HGO can be used to monitor the hand grasp status for the
purpose of safety control. We define that the status of the system is safe if the following criterion is satis-
fied,

Sh=¢, (8)

where ('is a threshold (>1) and the value is determined experimentally as 1.5. Note that if the threshold
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value is close to 1, the controller will become too sensitive and disturb normal operations.

3.4 Windowing Safety Observer
Passivity analysis is also exploited in the proposed method to monitor hand grasp status. As discussed in
Section 1, the passivity theory is widely used for stability control in haptics-enabled systems since it al-
lows decoupling of the analysis of the mechanical haptic system from the properties of human operator.

Based on the passivity analysis, the Safety Observer (SO) E, is defined by (see Appendix for details),

mV(n)?
2n

Bio(n) = AB(W) ~ AT ) Fy (OV(D) - ©

where m is the physical inertia of the stylus, AT is a time step, V is the velocity of the haptic stylus, Fy is
the estimated hand grasp force, and # is the energy ratio. Assuming initial energy storage is zero, the
system is safe if and only if,

E(n) =6 = ATZ F, OV @) —mV(n)?2/2n = 8,vn > 1, (10)

i=1
where ¢ is an energy threshold of a negative value. A negative threshold value is adopted here as the
safety requirement is a relaxed condition of passivity. When the accumulated energy entering into the
system just decreases from a positive value to a negative one, the system begins to act actively. However,
at that moment the system could still be safe because the user’s grip could cancel out the active move-
ment of the haptic stylus. Another reason for the negative threshold is that the safety condition can also
be used in the system with active forces, which will be demonstrated in Section 4.5. The above equation
states that the energy supplied to a safe system must be greater than a negative threshold for all time,
which is similar to the principles in passivity analysis [1]. If the value of Eso becomes a large negative
value, the system will transit into an unsafe status. However, Eso is insensitive to status changes of sys-
tem safety. For example, consider a virtual environment which is very dissipative in location A and ac-
tive in location B. If the user spends a lot of time interacting at A, then, SO may build up a large positive
value of energy. Then, when the user moves over and interacts at location B, the Safety Controller (SC)
based on SO will not be activated immediately until a certain amount of negative energy is produced and
accumulated in the active region. In order to resolve the issue of energy accumulation and dissipation, a
time-varying reference energy might be introduced in a way similar to that in passivity control strategy

[8], which is defined based on the information of the model or virtual environment. Unfortunately, the
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information might be not available in some cases. Inspired by the time-domain passivity controller in [6],
a safety control strategy based on Windowing Safety Observer (WSO) is thus proposed in the paper, aim-
ing to address the energy accumulation issue of unknown virtual environments. Similar to Eq. (10), the

energy measured with WSO, Ewso, is defined by the following equation,

n

2
fAT Z F, (V@) —m';(n") n>w
LAT;F,[ OV -2 27;1 . n<w

where w is the size (width) of a window. The energy within a specified time interval (w-AT) is observed.
3.5 Safety Controllers

In [6], in order to maintain system passivity, a time-varying damper called Passivity Controller (PC) is

used to dissipate only the required amount of energy so that overall passivity is maintained. The control

force Fyccalculated by PC is defined by

oo {—ESO/(V - AT), if B, <0
e =1 o, ifEq, =0 -

(12)

For simplicity, the temporal index n is removed in the above and following equations. However, this PC
cannot be utilized for safety control since it cannot be applied to the systems involving active forces. To
solve this issue, a safety control strategy based on WSO called Windowing Safety Controller (WSC) is
proposed, as shown in Fig. 2. The control force of WSC, Fs, is defined by

F _{—E;—M'V, if Eyso <6
wse ™ 0, else

) (13)

where u is a damping constant. The first term (-F,) is to cancel the penetration force, and the second term
(-u+¥) is proportional to the velocity of the haptic stylus, instead of inversely proportional to the velocity
as in Eq. (12). This control strategy can avoid the instability that may occur when the observed energy
fluctuates around zero and the stylus velocity is very small. From Eq. (12), it can be seen that if E, has a
negative value and the velocity V tends to zero, the control force will be very large and result in system
instability. The WSC as defined by Eq. (13) has the spatially local feature of passivity monitoring that
does not accumulate the large energy from previous stable regions. Consequently, it has better sensitivity

of passivity control as compared with that of PC. At the same time, by introducing a negative energy

threshold ¢, it makes the controller be applicable to those systems with active forces.
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Similar to Eq. (13), a safety controller called Hand Safety Controller (HSC) based on HGO (Eg. (8)) is
defined as,

_(~F,—u-V, if S,>and|F| > F,
Fhsc - { 0’ else ' (14)

where Sy, is defined by Eq. (5) and (8), F: is a force threshold. The forces are combined with the HGO to
determine the safety conditions. When the penetration force and grasp force are too small (e.g. < 0.1 N),
Sn may fluctuate considerably and create false alarms that trigger the protection mechanism needlessly.
Considering that the ejection velocities are not large enough to become harmful when the penetration

forces are small, force checking is also introduced in the controller.
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Fig. 2. Safety control based on the proposed hand grasp force model. The safety observer can be WSO or
HGO, and the safety controller can be WSC or HSC.

4 EXPERIMENTS AND RESULTS
A number of experiments have been conducted to evaluate the effectiveness of the approaches proposed

for haptic safety control. The stylus ejection experiment is first carried out to determine the model pa-
rameters and to study the maximum ejection velocities of a haptic stylus. Then, the performance of safety
observers and control strategies are investigated. The proposed haptic safety control approaches are also
evaluated for the haptic systems with active forces.
4.1 Stylus Ejection Experiments

The results of “virtual wall” experiment are commonly used as a performance benchmark for haptic sys-
tems since most interactions with virtual environments can be reduced to interactions with virtual wall of
different stiffness and damping [1]. In the experiment, the tip (i.e., haptic interface point) of the haptic
device stylus is pushed along the negative Z axis. If the stylus position in Z axis is less than zero, then the

force F is calculated by,
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F=K|Z|—BV’ (15)

where K is the stiffness constant, B is the damping constant, and V is the stylus velocity. After the stylus
reaches a depth D, it is withdrawn along the positive Z axis, as shown in Fig. 1. The system acts passive-
ly when the haptic stylus is pushed against the wall, while it acts actively when the stylus is withdrawn
along the opposite direction. An experiment is designed with the virtual wall to test the safety monitoring
and control strategies. As illustrated by Fig. 1, the experiment contains three steps. First, the haptic stylus
is manipulated to push the tip penetrates into the virtual wall. After the tip reaches a depth D, the user
then suddenly releases the stylus. Finally, the stylus is ejected backwards with a velocity due to the con-

version of the potential energy stored in the first step into kinetic energy.

In this experiment, the haptic device, PHANTOM® Desktop™ from the Sensable Technologies, is used
(see Fig. 3). The device has 6 degree-of-freedom positional inputs and 3 degree-of-freedom force outputs.
The inertia of the stylus (Eq. (3)) m=0.157 kg (estimated by the maximum ejection velocity of haptic
stylus, to be discussed in Section 4.2), b=-0.005 N-s/m and ¢=0.038 N [9]. Fig. 4(a) plots the ejection
velocity over time with K=200 N/s and D=0.039 m. Note that the value of stiffness is set so that the max-
imum ranges of forces and workspace of the used haptic device are not exceeded. It can be seen that the
ejection velocity of the haptic stylus increases rapidly from 0.2 m/s to 1.2 m/s within about 0.02 s after it
is released suddenly. The variations of insertion depth over time as shown in Fig. 4(b) indicate that the
haptic stylus is ejected from Z=-0.039 m to 0.1 m within 0.25 s after it is released. This experiment clear-
ly demonstrates that the ejection can proceed at a high velocity that may pose great threats to the users. In
what follows, further experiments will be presented regarding the estimation of model parameters that

associate with the maximum ejection velocity.

Fig. 3. The PHANTOM® Desktop™ haptic device.
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Fig. 4. The ejection experiment. (a) Velocities of haptic stylus increase rapidly from 0.2 m/s to 1.2 m/s
within about 0.02 s after it is released suddenly at t=0 s. (b) Changes in insertion depth over time in the
virtual wall experiment. The haptic stylus is ejected from Z=-0.039 m to about 0.1 m within 0.25 s after
it is released suddenly at t=3.15 s.

4.2 Maximum Ejection Velocity (MEV)
Another experiment is conducted to investigate the relationship between the stiffness of the virtual wall

and MEV. The stiffness of the virtual wall is varied from 0.2k to 1k N/m with a step size of 0.1k N/m.
Note that the minimum stiffness is subject to the maximum insertion depth, which is in turn limited by
the maximum force (around 7.8 N) and workspace size of the haptic device. In the experiment, indention
is made progressively until the maximum force is reached. The haptic stylus is then released to determine
the value of MEV during the experiments. The procedure is repeated four times for each stiffness value.
It can be seen from Fig. 5(a) that the value of MEV decreases as the stiffness increases, which can be

explained by the approximation given below, assuming the potential energy are completely converted
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into the kinetic energy,

3

BN
3
S

m

5 - (16)

where Fp is the maximum force exerted on the haptic device, m is the stylus inertial mass (Eq. (3)), K is
the stiffness, and D is the penetration depth. It can be seen from Fig. 5(a) that when the stiffness is 0.2k
N/m and the insertion depth is 0.039 m, the MEV can reach as high as 1.4 m/s. When the stiffness is in-
creased to 1k N/m, the value of MEV is around 0.5 m/s. This finding indicates that while small stiffness
is usually preferred by many stable haptic rendering algorithms, e.g. virtual coupling, it is prone to safety
problems. Hence, safety control is indispensable to the scenarios associated with soft objects or small

stiffness.

Next, experiments are carried out with the same settings but to study the relationship between MEV and
insertion depth. In these experiments, the stiffness is set to 0.2k N/m to enable deepest insertion with the
haptic device. The insertion depths range from 0.01 m to 0.039 m. For each insertion depth, the ejection
experiment is performed four times. The statistical data are plotted in Fig. 5(b), which shows that the
MEYV is nearly proportional to the insertion depth D as it increases from 0.01 m to 0.035 m. This can be
explained by the approximation given below,

my2 KD?
[ 8
2 2

K
>V, « [—D. 17
m
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Fig. 5. MEV experiments. (a) The relationship between the stylus MEV and stiffness of virtual wall. (b)
Variaiton in MEV with insertion depth (K =200 N/m).

4.3 Safety Observers
Based on the results in the previous experiments, with K =200 N/m, D=0.039 m, the energy observed by

SO, WSO and HGO are calculated and shown in Fig. 6(a) and (b) respectively. It can be seen from Fig.
6(a) that the SO cannot detect the release of haptic stylus even after more than 0.06 s, which is attributed
to the large amount of energy accumulated during the insertion procedure. In the figure, the positive en-
ergy indicates that the system remains passive even after the hand has released the stylus more than 0.06
s. In contrast to SO, WSO can overcome this issue as evident from Fig. 6(a). It is able to detect the re-
lease of hand at t=0.036 s as indicated by the red point, given the energy threshold 6=-0.03 N-m. For

HGO, the graph in Fig. 6(b) shows, with {(=1.5 in Eq. (8), that the hand has released the haptic stylus at
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t= 0.048 s where the value of HGO approaches 1.5, indicating that the hand releases the stylus.

180
e SO @ \WSO
130
5
1S
é 80
>
(=2
2
w 30
6506660 T r
20 10 20, 009 eesec3) 40 50 60
-70
Time (ms)
(@)
2.5
2
1.5 f
S, \
1 P OGS S ©
0.5
0 T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55
Time (ms)
(b)

Fig. 6. Safety observers (K = 200 N/m, D=0.039 m). (a) Changes in Eso after the haptic stylus is released
at t=0 s; and trends of Ewso after the haptic stylus is released at t=0 s (w= 100, AT=0.001 s, #=0.5). (b)
Changes in Sy, after the haptic stylus is released at t=0 s ({=1.5).

4.4 Safety Controllers
441 VEFC

The VFC is evaluated by the virtual wall experiments. In the first experiment, a user holds tightly the
stylus of the haptic interface to push the wall. This experiment is used to test if the controller will give
false alarms during the normal operations. The velocities and forces of a trial are plotted as shown in Fig.
7. The maximum force (about 0.285 m/s) occurs at the pick-up stage. During the push stage, the force
increases from 0 N to about 4.5 N within 0.54 s. The threshold of V; must be carefully selected when the
controller is applied. If the thresholds are too small (e.g. Vi = 0.14 m/s), the controller will be triggered at
normal operation as indicated by the circle in Fig. 7. On the other hand, if the thresholds are too large, the

controller will not function as ejection occurs. It is found that if the thresholds are set as, Vi = 0.6 m/s and
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F: = 1 N, the controller will not be triggered during normal operations.

The proposed controller is then applied to the ejection experiments to evaluate its performance. The var-
iation in velocity of the stylus is plotted in Fig. 8. The stylus are released suddenly after it is pushed into
the virtual wall at time t=0 s. Then, the stylus is ejected and the velocity increases from 0 to about 0.6
m/s at time t = 0.073 s. At that time, as indicated by the red circle in the figure, VFC is triggered. After
that, the velocity continues to increase and reach the maximum value of 0.75 m/s at t=0.075 s and then
reduce rapidly. From this experiment, we can see that since the performance of VFC is directly affected

by the suitable selection of threshold, it does not satisfactorily reduce the risk of stylus ejection.
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Fig. 7. Velocity and force plots during normal wall-pushing experiments without applying the controller
(K =200 N/m, B=0 N-S/m).
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442 HSC and WSC

The safety controllers proposed based on WSO and HGO are evaluated as well. Fig. 9(a) shows the
changes in hand grasp forces, penetration forces and control forces over time based on the HGO method.
After the stylus is released at t=0 s, the hand grasp forces follow the penetration forces, and the control
force is zero in the initial phase. After HGO detects hand release at t=0.072 s, the penetration force is set
to zero and a damping force is introduced to slow down the ejection of haptic stylus. As can be seen from
Fig. 9(b), the ejection velocity is decreased from about 1.4 m/s (without safety control as shown in Fig.

5(a)) to about 0.3 m/s.

The safety controller based on WSO is also evaluated. The penetration and control forces are plotted in
Fig. 10(a) and (b). The velocity-time plots of the three controllers are presented in Fig. 10(c). From the
comparisons of the controlled MEVs as shown in Fig. 11, it can be seen that there is no obvious perfor-
mance difference between WSC and HSC. Whereas the MEV of VFC is almost two times larger than

that of WSC and HSC. Hence, WSC and HSC can perform better with regards to the controlled MEV.
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Fig. 9. Plots of HSC (K = 200 N/m, D=0.039 m, {=1.5, u=5 N-s/m). (a) Variations in hand grasp force,
penetration force and control force with time based on the proposed HGO. (b) Velocities of haptic stylus
after safety control based on HGO is applied.
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Fig. 10. Plots of WSC (w = 100, AT=0.001 s, K = 200 N/m, D=0.039 m, §=-0.03 N-m, #=0.5, u=5
N-s/m). (a) Energy observed by WSO with the haptic stylus released at t=0 s. (b) Penetration and control
forces measured based on WSC. (c) Velocity changes of haptic stylus after safety controllers are applied.
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Fig. 11. Comparisons of the controlled MEVs. Note that NC means “no controller” is applied in the
ejection experiment.

It is interesting to note that the choice of w does not significantly affect the sensitivity of the safety
controller within a certain range as shown in Table 1. In the experiments, the following parameters
are used: {K =200 N/m, D=0.039 m, §=-0.03 N-m, #=0.5, p=5 N-s/m, AT=0.001 s}. As can be seen

from the table, when w<:1000, the values of controlled maximum velocity remain relatively low
(=<0.52 m/s). As w increases, the velocities increase as well, meaning the efficiency of the safety

controller degrades. Based on the observation, w is suggested to be set in the range (50, 1000).

Table 1. The relationship between w and the controlled maximum ejection velocities.
w 50 100 | 200 | 500 | 1000 | 2000 | 4000 | 5000 | 6000 | 10000
MEV (m/s) | 0.438 | 0.357 | 0.348 | 0.35 | 0.52 | 0.549 | 0.739 | 0.823 | 1.096 | 1.094

4.5 Active Force Experiments
The following experiments are designed to investigate the performance of the proposed safety control

strategies for the systems with active forces. In the experiments, a sinusoidal force (f=sin(5t)) is applied
to the haptic stylus along the Z axis. If the stylus is let go in free space at t=0 s, then, it will move with a
high velocity within a short period of time (around 1.1 m/s at t=0.17 s) as shown in Fig. 12. If the user
grasps the stylus tightly, with 6=-0.005 N-m, the graph depicting the changes in energy observed by
WSO with time in Fig. 13 shows that the energy fluctuates around zero and passivity is maintained. If the
user suddenly releases the stylus, WSO can detect the change with a negative peak at about t=1.35 s as
shown in Fig. 14(a), indicating that the system is very active. By applying the safety control strategy, the

effect is suppressed and the MEV is decreased to 0.18 m/s (see Fig. 14(b)).
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Fig. 13. Energy observed by WSO (w=100, AT=0.001 s) when a sinusoidal force is applied and the stylus
is gripped tightly.

On the other hand, the effect of active force amplitude on WSO is studied. Fig. 14(c) shows the results
of the experiment where active forces with different amplitudes from 1 N to 5 N are applied to the tight-
ly gripped haptic stylus. The magnitude of the observed energy by WSO increases with the active force

amplitude. Hence, the energy threshold ¢ (a negative value) in Eq. (10) should be set properly, depending

on the maximum active force applied, to reduce the sensitivity of WSO.

Similarly, the safety control strategy based on HGO is also investigated. When the hand grips the stylus
tightly, the values of HGO are below 1 as shown in Fig. 15(a). After the stylus is released at t=1.35 s, the
values of HGO increase to reach the threshold value (=1.5 and the safety controller is triggered at that

moment. As a result, the MEV is controlled to less than 0.3 m/s (see Fig. 15(b) which is far below the
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uncontrolled value 1.1 m/s (see Fig. 12).
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Fig. 14. Plots of WSO (w = 100, AT=0.001 s, 6=-0.005 N-m, #=0.5). (a) Energy observed by WSO when
a sinusoidal force is applied and the stylus is grasped until t=1.35 s. (b) Velocity changes of the haptic
stylus being grasped until t=1.35 s. Safety controller based on WSO is applied. (c) Energy observed by
WSO with sinusoidal forces of amplitudes from 1 N to 5 N applied to the tightly grasped stylus.
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Finally, the relationship between HGO and the active force amplitude is investigated. The results in Fig.
15 (c) show that the system remains relatively stable (S, ~ 1) when the stylus is grasped tightly. From
these experiments, it can be concluded that the safety control strategies based on WSO and HGO can

both successfully decrease the risks that may happen in the systems with active forces.
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Fig. 15. Plots of HGO ({=1.5). (a) The observed HGO with a sinusoidal force applied (the stylus is
grasped tightly until t=1.35 s). (b) Velocity changes of haptic stylus being grasped until t=1.35 s. Safety
controller based on HGO is applied to the tightly grasped stylus. (c) Variations in Sy with active force
amplitudes: sinusoidal forces of amplitudes from 1 to 5 N are applied to the tightly gripped stylus.
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5 DISCUSSIONS
In this study, three haptic safety-control models are proposed and evaluated with experiments using a

specific impedance haptic device, the PHANTOM® Desktop™. The methods are also applicable to other
kinds of impedance haptic devices. However, the parameters in the proposed hand grasp force model
need to be carefully tuned for individual devices to guarantee the accuracy of the safety controller. Notice
that the mass m in the hand grasp force model is not given by the value of inertia (apparent mass of stylus)
provided in the specification of PHANTOM® Desktop™. One possible reason of this discrepancy is that
this apparent mass as defined by the specification was measured while the stylus is freely manipulated in
a virtual environment [33], which is different from the scenario in our experiment. In contrast, the inertia
is approximated based on the relationship between MEV, insertion depth and stiffness obtained from the
ejection experiment. The estimated value of m is 0.157 kg, which is much larger than the inertia value
0.045 kg as stated in the specification. Note that in the calculation, it is assumed that the total potential
energy generated by pushing the tip of the stylus into the virtual wall is completely converted to the ki-

netic energy. Due to energy loss, the real physical inertia shall be less than the calculated one.

Comparing Fig. 8, Fig. 9(b) and Fig. 10(c), we can find that the maximum velocity of the stylus is still
relatively large even though VFC is applied. As shown in Eqg. (1), the performance of VFC is directly
affected by the choice of velocity threshold. The threshold value could not be too small, otherwise the
controller will be incorrectly triggered and disturb normal operations of the haptic interface. When there
are no rapid operations performed via the stylus, the threshold value of 0.6 m/s used in the paper is con-
sidered appropriate. Otherwise, the threshold must be increased to allow VFC to function, e.g. a user
pushes the stylus against a wall with a high velocity larger than 0.6 m/s. However, the increase in thresh-
old value also causes VFC to become inefficient to reduce the ejection velocities. In contrast, HSC and
WSC are not velocity-sensitive since they also take into account the forces and energy in the protection
mechanism. Nevertheless, the performance of HSC and WSC are also dependent on the setting of other
thresholds, i.e. {'in Eq. (8) and ¢ in Eq. (13), which shall also be carefully tuned in order to enable the
controllers to function properly. As mentioned in the previous section, WSO is sensitive to the amplitude
of active forces. As a result, the threshold energy (with a negative value) that determines whether the
system is safe or not should be set properly. If the threshold energy is too small, then, the safety control-

ler may not suppress the ejection of haptic stylus effectively and the protection is likely to fail. If the
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threshold energy is too large, the safety controller may apply protection force unnecessarily when the
user is already interacting with the virtual environment in a safe manner. Although the HGO model is not
sensitive to the maximum active force, the parameters used in Eq. (5) and (8) also need to be tuned care-
fully for different haptic devices. The following guidelines are used to tune the parameters in order to
design a sensitive safety controller:

e In normal operations, the controller is not triggered. For example, a user manipulates the stylus
of a haptic device in a free space with relatively large velocities, it is considered as a normal
operation. When a user slides the tip on a virtual object, the operation should not be disturbed.

e The controller detects abnormal operations timely. If a user grasps the stylus and punches it to a
virtual object with a large velocity, or the stylus is released suddenly when a large force is being
applied, the controller shall be triggered and the corresponding protection actions should be per-
formed.

e In abnormal cases, the controller greatly decreases the velocity or momentum to minimize the
harmful effect.

Based on the above guidelines, the procedure of tuning the thresholds is thus provided:

e  Firstly, find the boundary value of safety observer in normal operations. In VFC, for example, it
is necessary to find the appropriate threshold V:. For a specific task, the maximum velocities Vn,
are recorded under normal operations. Since the values may vary with different users, it is rec-
ommended to conduct multiple experiments with enough numbers of users.

o  After the boundary value is obtained, the threshold is initially set to that value. Then, under ab-
normal operations, it needs to check if this initial threshold can work properly or not. If the
safety controller cannot detect the abnormal cases in time, or the protection is insufficient, then,
the threshold needs to be adjusted. For example, in VFC, the threshold V; could be decreased by
a amount based on statistical values of Vi, This threshold adjustment procedure minimizes the
possibility that the controller give false alarm during normal operations.

In the WSO model, the hand velocity is approximated by the velocity of the stylus as shown in Eq. (A.2)
(see Appendix). This approximation is reasonable when the user grips the stylus tightly. When the stylus
is released, the grasp force approaches zero very quickly, whereas the velocity of the stylus increases

rapidly and can no longer approximate the hand velocity. Nevertheless, the duration for which the stylus
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is completely released from the user’s hand is very short (e.g. 50 ms); the energy produced after that
moment indeed has little contribution to the control strategy since the safety controller has already been

triggered.

The damping model in Eq. (13) and (14) is a simple yet effective approach developed for the proposed
safety controllers, as evident from the experimental results. More effective control approaches can also
be proposed based on the values of HGO or WSO. Further research will be conducted to develop im-

proved versions of safety control methods.

6 CONCLUSIONS
In this paper, safety control models based on VFO, HGO and WSO are proposed for haptics-enabled

system. The controllers do not require prior knowledge of virtual environments and additional hardware
sensors to detect system instability. They can also be applied to the haptics-enabled systems with active
forces. VFC is directly derived from traditional safety control algorithms. One evident disadvantage of
the controller is that it is directly affected by the setting of the velocity threshold and leads to sub-optimal
performance. In contrast, both HGO and WSO are based on the proposed hand grasp force model — the
former directly estimates the hand grasp status and the latter makes use of passivity analysis but relaxing
the restriction of passivity. WSO features local monitoring of system passivity in the time domain, which
makes the safety controller sensitive and robust to the changes of user’s inputs and virtual environments.
It is also sensitive to the changes of active forces whilst HGO is relative stable and robust to the varia-
tions of active force amplitude. The experiments clearly demonstrate that the proposed safety control
models can greatly eliminate instability in haptic rendering, even with active forces. With these ad-

vantages, it has the potential to be used for a wide range of haptics-enabled applications.

As haptic technology is increasingly adopted in various applications and virtual environments are becom-
ing more complex, safety control is indispensable to protect both haptic systems and users. Based on the
proposed safety control models, further research will be conducted for the following three typical hap-
tics-enabled situations. The first is a system containing dynamic objects commonly involved in most
physics-based simulations, where the system stability can be easily perturbed by the dynamics. The sec-
ond concerns haptic playback systems [31] where pre-recorded forces and positional trajectories of dif-

ferent ranges are fed into the haptic devices. Conventional passivity analysis is not applicable to such
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active haptic systems. Lastly, haptics-enabled tele-operation systems [4], susceptible to stochastic charac-
ter and uncertainty of network transmission, will also be studied to investigate the effect of the safety
control strategies on the systems. For instance, it is necessary to ensure a forceful push from a remote

environment is safely transmitted to the local user.
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Appendix

Fig.A.1 depicts a two-port network-based passivity analysis, where the sign convention for all forces and

velocities is defined when power enters the system ports. The system energy exchange is governed by the

following equation [9],

t
[ Frap@M@t = 5, + 5, ~ B, A1)
0

where Fny is the force generated by the haptic interface, Vi is the hand velocity, E, is the energy that is

stored in the haptic device, Eq is the energy generated by the “non-idealities” in the control loop, e.g.

discretization, quantization, etc., and Eq is the energy dissipated by frictions. The excessive energy AE at

time step n with a sampling time step AT in a discrete-time form is derived as,
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AE(n) = Eq(n) — E,(n) ~ ATZ Fy (DV (@) — E,(n).

(A2)

Note that in above equation, assuming the stylus of the haptic interface is grasped by the user, the hand

velocity Vi is approximated by the velocity of the haptic stylus V and the force produced by the haptic

interface is replaced by the force Fy as defined by Eq. (4). When the user interacts with the virtual envi-

ronment in the active regions, the amount of potential energy E, that is converted to kinetic energy (Ex) is

n = Ex/E,. The E, is approximated by the kinetic energy as E, = E,/n = mV?/2n, where m is the

physical inertia of the stylus. From Eqg. (A.2), the Safety Observer (SO) Es is defined by,

Eo,(n) = AE(n) ~ ATZ F, OV @) — mV(n)2/21 .

Human
Operator

i=1

Haptic
Interface

Virtual
Environment

(A.3)

Fig. A.1. Network representation of a haptics-enabled system for passivity analysis.





