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Effects of a Virtual Mass with a Low-pass Filter on Stable Boundaries
of a Haptic System with First-order Hold
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Abstract : This paper presents the effects of a virtual mass with a low-pass filter on stability boundaries of a virtual
spring in the haptic system with first-order hold. A virtual mass is required to improve the realism of a virtual
environment. However the second derivative of a displacement of a haptic device is needed while the inertia forces are
computed, which causes the reflective force to change quickly and then makes the haptic system unstable. A low pass
filter is added to resolve this problem and the stability region of a haptic system depends on the characteristics of the
filter. In this paper the finite impulse response filter (FIR filter) is applied as one of low pass filters and the effect of the
FIR filter on the stable region of a haptic system with first order hold is analyzed. When compared to stable region of
the system without the FIR filter, the region of available virtual mass is increased by 20% and the maximum of the
stable virtual spring is reduced by 32%, irrespective of the sampling time. Besides it is shown that the stable region of a
virtual spring is proportional to the inverse square of the sampling period.
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Fig. 1 Block diagram of haptic system including a virtual
mass (), a low-pass filter (LPF), a virtual spring (&)
and a first-order hold.
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Fig. 2 Max. available stiffness of the virtual spring (

0.7

K,)

according to the virtual mass, where 7,=1 ms, 1£,=0.5 kg,

B,=1.0 Ns/m, data hold type=FOH, LPF=FIR model.
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Table 1 Max. stiffness of a virtual spring (X, ) according Table 2 Max. stiffness of a virtual spring (%) according

to a virtual mass with FIR low-pass filter when sampling to a virtual mass with FIR low-pass filter when sampling

time( 7 )=1 ms, 14,=0.5 kg, B,=1.0 Ns/m and FOH.

time( 7, )=5 ms, 14,=0.5 kg, B, =1.0 Ns/m and FOH.

Sampling time M, K, Ratio Sampling time M, K, Ratio
(sec) (kg) (N/m) (sec) (kg) (N/m)
0 38377 1.00 0 3399 1.00
0.01 67762 1.77 0.01 4452 1.31
0.02 106035 2.76 0.02 5710 1.68
0.03 147541 3.84 0.03 7096 2.09
0.04 188988 492 0.04 8527 2.51
0.05 228585 5.96 0.05 9930 2.92
0.06 265314 6.91 0.06 11258 3.31
0.001 0.07 298637 7.78 0.005 0.07 12481 3.67
0.08 328340 8.56 0.08 13581 4.00
0.09 354424 9.24 0.09 14555 428
0.1 377026 9.82 0.1 15403 4.53
0.2 462541 12.05 0.2 18601 5.47
0.3 412537 10.75 0.3 16561 487
0.4 308522 8.04 0.4 12395 3.65
0.5 179516 4.68 0.5 7239 2.13
0.6 37600 0.98 0.6 1570 0.46
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Fig. 3 Max. available stiffness of the virtual spring (X&)

according to the virtual mass, where 7)=5 ms, 1,=0.5 kg,

B,=1.0 Ns/m, data hold type=FOH, LPF=FIR model.
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Table 3 Max. stiffness of a virtual spring (4, ) according
to a virtual mass with FIR low-pass filter when sampling

time( 7, )=10 ms, 14,=0.5 kg, B, =1.0 Ns/m and FOH.

Sampling time M, K, Ratio
(sec) (ke) (N/m)
0 1194 1.00
0.01 1449 1.21
0.02 1738 1.46
0.03 2050 1.72
0.04 2371 1.99
0.05 2687 225
0.06 2989 2.50
0.01 07 e e
0.08 3522 2.95
0.09 3748 3.14
0.1 3945 3.30
0.2 4681 3.92
03 4159 3.48
0.4 3116 2.61
0.5 1828 1.53
0.6 413 0.35
10

e w/o LPF (10 ms) (4)
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Fig. 4 Max. available stiffness of the virtual spring (X&)

according to the virtual mass, where 7;=10 ms, 44=0.5

kg, B,=1.0 Ns/m, data hold type=FOH, LPF=FIR model.
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Table 4 Relative ratio of Max. virtual spring (/&) with
LPF to the max. stable boundary of the virtual spring
without LPF, according to the sampling time and the

virtual mass.

w

Kwpp piger | KWpip piter | BWriz pitter

M, (kg) KWy, pitger By, e Ky, e,

@7, =1ms @ T, =5ms @T,=10ms
0 1.00 1.00 1.00
0.01 1.17 1.07 1.04
0.02 1.26 1.12 1.07
0.03 1.28 1.15 1.09
0.04 1.25 1.15 1.09
0.05 1.21 1.13 1.08
0.06 1.15 1.10 1.06
0.07 1.10 1.06 1.02
0.08 1.04 1.01 0.98
0.09 0.99 0.97 0.95
0.1 0.94 0.92 0.91
0.2 0.68 0.68 0.68
0.3 0.66 0.66 0.66
0.4 0.84 0.84 0.84
0.5 204.69 41.13 20.77
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Fig. 5 The ratio between max. available stiffness of the
virtual spring (X, ) with LPF and that of the virtual spring
without LPF, where 1£,=0.5 kg, B,=1.0 Ns/m, data hold
type=FOH.
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Table 5 Relative ratio of Max. virtual spring (X)) with 7]
=1 ms and 5 ms to that with 7,=10 ms depending on the

sampling time and the virtual mass with FIR filter.

KwTs =1lms KwTs =b5ms KwTs =10ms
A[u (kg) KwTs =10ms KwTs =10ms KwTs =10ms
@FIR Filter | @FIR Filter | @FIR Filter
0 32.14 2.85 1.00
0.01 46.76 3.07 1.00
0.02 61.01 3.29 1.00
0.03 71.97 3.46 1.00
0.04 79.71 3.60 1.00
0.05 85.07 3.70 1.00
0.06 88.76 3.71 1.00
0.07 91.35 3.82 1.00
0.08 93.23 3.86 1.00
0.09 94.56 3.88 1.00
0.1 95.57 3.90 1.00
0.2 98.81 3.97 1.00
0.3 99.19 3.98 1.00
0.4 99.01 3.98 1.00
0.5 98.20 3.96 1.00
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Fig. 6 The relative ratio between max. available stiffness of

the virtual spring (&, ) with 7.=1 ms and 5 ms to that with

7.=10 ms depending on the virtual mass with FIR filter,

where 1/,=0.5 kg, B,=1.0 Ns/m, data hold type=FOH.
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