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A Study on the Effect of First-order Hold Method
on the Stability Boundary of a Virtual Mass-spring Model
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Abstract : This paper presents the effects of a virtual mass on the stability boundary of a virtual spring in the haptic
system with first-order-hold. The virtual rigid body is modeled as a virtual spring and a virtual mass. When
first-order-hold is applied, we analyze the stability boundary of the virtual spring through the simulation according to
the virtual mass and the sampling time. As the virtual mass increases, the stability boundary of the virtual spring
gradually increases and then decreases after reaching the maximum value. The results are compared with the stability
boundary in the haptic system with zero-order-hold. When a virtual mass is small, the stability boundary of a virtual
spring in the system with first-order-hold is larger than that in the system with zero-order-hold.
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Fig. 1 Block diagram of haptic system that is comprised of
a haptic device model, a virtual mass, a virtual spring, and
first-order-hold.
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Table 1 Max. stiffness of a virtual spring (Kw) according
to a virtual mass when sampling time( 7)=1 ms, 1£,=0.5
kg, B, =1.0 Ns/m and FOH (Fisrt-Order-Hold).

Sampling time M, K, .
“ v Ratio
(sec) (kg) (N/m)
0 38378 1.00
0.01 57929 1.51
0.02 84097 2.19
0.03 115480 3.01
0.04 150799 3.93
0.05 189146 4.93
0.06 229806 5.99
0.001 0.07 272106 7.09
0.08 315346 8.22
0.09 358785 9.35
0.1 401662 10.47
0.2 679466 17.70
0.3 624091 16.26
0.4 365540 9.52
0.5 871 0.02
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Fig. 2 Max. available stiffness of the virtual spring (X&)
according to the virtual mass, where sampling time 7;=1
ms, 1,=0.5 kg, B,=1.0 Ns/m, data hold type=FOH.
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Table 2 Max. stiffness of a virtual spring (Kw) according
to a virtual mass when sampling time(Ts)=5 ms, Md=0.5
kg, Bd =1.0 Ns/m and FOH (Fisrt-Order-Hold).

Sampling time Mw Kw Ratio
(sec) (kg) (N/m)

0 3399 1.00

0.01 4164 1.23

0.02 5089 1.50

0.03 6175 1.82

0.04 7411 2.18

0.05 8780 2.58

0.06 10258 3.02

0.005 0.07 11818 3.48

0.08 13430 3.95

0.09 15064 4.43

0.1 16687 491

0.2 27321 8.04

0.3 25027 7.36

0.4 14709 433

0.5 176 0.05

Table 3 Max. stiffness of a virtual spring (Kw) according
to a virtual mass when sampling time(Ts)=10 ms, Md=0.5
kg, Bd =1.0 Ns/m and FOH (Fisrt-Order-Hold).

Sampling time Mw Kw .
(se0) (ke) (N/m) Rato
0 1194 1.00
0.01 1390 1.16
0.02 1617 1.35
0.03 1876 1.57
0.04 2167 1.81
0.05 2488 2.08
0.06 2833 2.37
0.01 0.07 3199 2.68
0.08 3578 3.00
0.09 3963 3.32
0.1 4346 3.64
0.2 6874 5.76
0.3 6277 5.26
04 3705 3.10
0.5 88 0.07
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Fig. 3 Max. available stiffness of the virtual spring (Kw)
according to the virtual mass, where sampling time Ts=5
ms and 10 ms, Md=0.5 kg, Bd=1.0 Ns/m, data hold
type=FOH.
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Table 4 Ratio of Max. available virtual spring (Kw) with
Ts=1 ms and 5 ms to that with Ts=10 ms, depending on
the sampling time and the virtual mass.

My | KHOm | Kwevm | orfo
(ke) @Ts=1ms @Ts=5ms %e ference)
0.0 32.14 2.85 1.00
0.01 41.68 3.00 1.00
0.02 52.01 3.15 1.00
0.03 61.56 3.29 1.00
0.04 69.59 3.42 1.00
0.05 76.02 3.53 1.00
0.06 81.12 3.62 1.00
0.07 85.06 3.69 1.00
0.08 88.13 3.75 1.00
0.09 90.53 3.80 1.00
0.1 9242 3.84 1.00
0.2 98.85 3.97 1.00
0.3 99.43 3.99 1.00
0.4 98.66 3.97 1.00
0.5 9.97 2.00 1.00
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Fig. 4 Max. available stiffness of the virtual spring (Kw)
according to the virtual mass, where Md=0.5 kg, Bd=1.0
Ns/m. (a) sampling time Ts=1 ms (b) sampling time Ts=5 ms.
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