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Effects of a First-order-hold Method and a Virtual Damper
on the Stability Boundary of a Virtual Spring

Kyungno Lee
School of Mechanical, Automotive and Aeronautical Engineering, Korea National University of Transportation
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Abstract A virtual rigid is modeled as the parallel structure of a virtual spring and a virtual damper. The
reflective force from the virtual model is designed to be as large as possible to improve the realism of
the virtual environment while maintaining the stable interaction. So, it is important to analyze the
stability boundary of the virtual spring and damper. In the previous researches, the stability boundary
is analyzed based on the zero-order-hold (ZOH) method, but it is analyzed based on the first-order-hold
(FOH) method and the virtual damper in the paper. The boundary value of the stable virtual damper is
inverse proportional to the sampling time and the maximum value of stable virtual stiffness is inverse
proportional to the square of the sampling time. And the maximum value in the FOH method is
increased to 110% of the value in the ZOH method. If the virtual damper is smaller than about 50% of
the boundary value of the virtual damper in the FOH method, the stable virtual stiffness in the FOH
method is several times larger than that in the ZOH method.
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Fig. 1. Block diagram for a haptic interface
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Table 1. Comparison between the simulation results
and the previous results according to virtual

damper.
Simulation Previous
Bw (Ns/m) Results [3] Er‘rm’(%)
K, 7y N/m) K, 7y (N/m)

0 200 200 0.000
100 163808 163809 0.001
200 266820 266821 0.000
300 323218 323219 0.000
400 342991 342991 0.000
500 333462 333463 0.000
600 300127 300128 0.000
700 247186 247186 0.000
800 177906 177906 0.000
900 94867 94867 0.000
1000 133 133 0.000
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Fig. 2. Boundary values of stable stiffness according

to the virtual damper (a) sampling time = 1
ms (b) sampling time = 10 ms.
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damper, 7" denotes sampling time

Table 2. Boundary values of stable virtual damper
and the ratio of the boundary value in the
FOH method to that in ZOH method.

ZOH FOH B, pQFOH
T (ms) B, ru B, ry B, 7 /0ZOH
(Ns/m) (Ns/m)

1.0 1001 652 0.651
1.25 801 522 0.652
2.0 501 326 0.651
2.5 401 261 0.651
5.0 201 131 0.652
10.0 101 66 0.653
20.0 51 33 0.647
40.0 26 17 0.654
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Fig. 3. The relation between boundary value of virtual
damper and the sampling time according to

sample- and-hold methods, respectively.
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Table 3. The stable maximum stiffness, the virtual
damper at the maximum stiffness, and the
ratio of the stable maximum stiffness,

according to the sample-and-hold
methods, respectively.
ZOH FOH K, o
T | Bw Bw
(ms) @K w,max @K Kw,max FOH
w,max w,max
(Ns/m) (N/m) (Ns/m) (N/m) zon
1.0 414 343279 208 380556 1.109
1.25 332 219719 166 243570 1.109
2.0 207 85853 104 95162 1.108
2.5 166 54956 83 60911 1.108
5.0 83 13752 42 15236 1.108
10.0 42 3444 21 3813 1.107
20.0 21 864 10 955 1.105
40.0 11 217 5 240 1.106
PR T AT HoH (K, ., )7 A5 7]
(DA BAE ME-EE HERE 243 Ao Fig. 4
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Fig. 4. Relation between stable maximum stiffness
and sampling time

1

w,maxoc T2 (2)
Where, K, ... denotes maximum boundary value

of a virtual stiffness, 7" denotes sampling time
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KU,]YI@FOH > [(u,u,T[I@ZOH (3)
Where, K, ;QFOH and K, 7;QZO0H denote

boundary value of a virtual stiffness when FOH
and ZOH is applied, respectively.

Table 4. Maximum virtual damper that satisfying (3)
and the ratio of the maximum value to the
boundary value of the stable damper.

T (ms) Bu'.max Q Fgy. (3) Bw,max QEy (3)
(Ns/m) Bu*,.TH@FOH
1.0 338 0.518
1.25 270 0.517
2.0 169 0.518
2.5 135 0.517
5.0 67 0.511
10.0 33 0.500
20.0 16 0.485
40.0 8 0.471
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Fig. 5. The ratio of the boundary values of stable
stiffness in the FOH method to that in the

ZOH method.
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