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ABSTRACT 
Isometric and elastic devices are most compatible with a 
rate control mapping. However, the effect of elastic stiff-
ness has not been thoroughly investigated nor its interac-
tion with control gain. In a controlled experiment, these 
factors are investigated along with user feedback regarding 
ease-of-use and fatigue. The results reveal a U-shaped 
profile of control gain vs. movement time, with different 
profiles for different stiffness levels. Using the optimum 
control gain for each stiffness level, performance across 
stiffness levels was similar. However, users preferred lower 
stiffness and lower control gain levels due to increased 
controller displacement. Based on these results, design 
guidelines for elastic rate control devices are given.  
ACM Classification: H5.2 [Information interfaces and 
presentation]: User Interfaces. - Graphical user interfaces. 

General terms: Human factors 
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INTRODUCTION 
The mouse is an efficient pointing device [4,13,14], but 
there are environments without a flat surface where the 
mouse is not practical. Laptop manufacturers have re-
sponded with alternative pointing devices such as the touch 
pad. Like the mouse, the touch pad is an isotonic input 
device (it is free-moving and uses X-Y position as input) 
with a position control mapping (the input is mapped to an 
X-Y cursor position) [21]. However, the touch pad has a 
very small input area and requires frequent clutching which 
degrades performance [5]. Clutching can be reduced by 
increasing the ratio of control movement to display move-
ment (Control-Display gain, or CD gain) [1,3,9,10], but 
very high CD gain levels can hurt performance [1,9,10].  
Alternatively, clutching can be removed altogether by 
using a rate control mapping where the device input is 
mapped to a cursor velocity and direction. A rate control 
mapping is more suitable for an isometric or elastic device 
since they have a self-centering mechanism to return the 
device to a neutral state when released [21]. Isometric 

devices, such as the TrackPoint [15,17], do not perceptibly 
move and instead measure the force applied. Unfortunately, 
isotonic devices seem to be faster than isometric devices 
[6,7,14,16]. However, this difference could be due to non-
optimal device parameters. For example, isometric devices 
are also affected by control gain [9,11] and after some 
informal parameter tuning, Zhai found no difference be-
tween isotonic and isometric 6 DOF devices [21]. Another 
issue is that isometric devices lack proprioception, the 
human sense of position and movement of limbs, and may 
increase fatigue [21].  
In contrast, elastic devices have an effector which can be 
displaced over a certain operating range, with a spring 
applying an opposite force to self-centre (Figure 1). Yet, 
with the exception of Zhai’s small pilot experiment with a 
6 DOF input device [21], little is known about the effect of 
elastic device spring stiffness and there is no clear conclu-
sion for the added influence of control gain [4,7,9,11,18]. 
This, in spite of elastic devices appearing in the literature 
[5,8,12]. Without an understanding of the combined effect 
of elastic stiffness and control gain, tuning parameters for 
isometric or elastic devices will continue to be ad hoc.  
In this paper we present an experiment that systematically 
evaluates the interaction between control gain and stiffness 
using a high performance force feedback device. We found 
that the control gain vs. movement time has a U-shaped 
profile and in addition, that proprioception influences the 
shape of the U: with a carefully chosen control gain, elastic 
and isometric devices can perform equally well. However, 
our participants preferred more elasticity. We also show 
that operating range is not only affected by stiffness, but 
also by control gain. Finally, using these results, we give 
guidelines for the design and use of elastic and isometric 
rate control devices given the stiffness and operating range. 
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Figure 1. Elastic device composed of a spring attached to an 

effector. The resistive force is proportional to the effector 
displacement which is limited by the operating range.  
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BACKGROUND AND RELATED WORK 
Elastic device stiffness 
An elastic device is composed of an effector and spring 
placed in a constrained movement area, called the operat-
ing range (Figure 1). The user pushes on the effector and 
the device measures either the distance from the effector to 
the neutral position (the displacement) or the applied force, 
and uses this as input.  

F k d= − ⋅  (1) 
Using Hookes law [20], the reactive force F is a linear 
function of spring stiffness k and displacement d (Equation 
1). Spring stiffness is measured in newtons per metre (N.m-

1). To give some idea of the range of stiffness, a typical 
office stationary rubber band is between 30 N.m-1 and 300 
N.m-1. With high spring stiffness, the effective range of 
displacement decreases and force is a more appropriate 
measurement. In the extreme case, when stiffness is infinite 
with no displacement, the behavior is that of an isometric 
device. With lower spring stiffness, the effective range of 
applied force decreases and the effector distance is the 
more appropriate measurement. When stiffness is set to 
zero, the behavior is that of an isotonic device. 
Effect of stiffness  
To our knowledge, only Zhai has studied the influence of 
stiffness on user performance, but only in a pilot study with 
2 users [21]. He used a custom 6 DOF built device that 
could vary the stiffness by changing the number of elastic 
bands. Although the range of stiffness evaluated is not 
reported he found optimal performance around 120 N.m-1. 
In a follow-up study, Zhai compared a 6 DOF isometric 
device with a 6 DOF elastic device (120 N.m-1 – 20 mm 
operating range) in a 6 DOF docking task [21]. He did not 
find a significant difference in performance, but found 
differences in user fatigue. Unlike an isometric device, an 
elastic device can be displaced to provide proprioception – 
our sense of the joint positions in our body. Zhai summa-
rizes the tradeoff with elastic stiffness settings: “For the 
sake of compatibility with rate control, a stiff (therefore 
strongly self-centered) elasticity is desirable. However, a 
stiff (near isometric) elastic device provides less rich pro-
prioception than a loose one that allows more movement 
within a range of non-fatiguing forces.” [21] In spite of 
Zhai’s argument there are no design guidelines (aside from 
his initial pilot study results) for selecting an optimum 
stiffness value which balances strong self-centering and 
rich proprioception.  
Control gain  
With an isotonic position control device such as a mouse, 
CD gain is a unit free ratio since both input and output are 
corresponding movements. For example, with a CD gain of 
2, the display pointer moves twice as far as the correspond-
ing movement of the control device.  
However, with isometric or isotonic rate control devices, 
input and outputs are expressed in different units. With an 

isometric device, the applied force F, expressed in N, is 
mapped to a pointer velocity V, expressed in m.s-1. Thus, 
the isometric control gain (CGisometric) is expressed in m·s-

1·N-1 and the mapping function is:  

isometricV CG F= ⋅   (2) 
As a simple illustration, given a control gain of 2 m·s-1·N-1, 
the same force on the isometric controller will produce 
twice the velocity of the cursor relative to a control gain of 
1 m·s-1·N-1 [11].  
With a pure isotonic rate control device, the displacement 
distance d, expressed in meters, is mapped to a pointer 
velocity V. Here, the isotonic control gain (CGisotonic) is 
expressed in s-1 and the mapping function is:  

isotonicV CG d= ⋅   (3) 
With an elastic device, as the pointer velocity can be com-
puted from either displacement or applied force, either 
Equation 2 or 3 can be used. Moving from one mapping 
function to the other is simply done by dividing or multi-
plying the control gain by the spring stiffness, since the 
resistive force is proportional to displacement (Equation 1): 

isotonic isometricCG k CG= ⋅  (4) 

Effect of control gain  
Constant control gain transfer functions 
Gibbs [9] tested 7 values of control gain with an elastic rate 
control device and found that performance follows a U-
shape, described by the following equation:  

0.4440.949 0.255 isotonic
isotonic

T CG
CG

= + ⋅ +  (5) 

This gives an optimal performance at approximately 1.3 s-1 
, and then degrades with higher or lower levels. He used a 
“slightly loaded” joystick with a 100 mm operating range 
(±25° of angular movement and 120 mm joystick length). 
For comparison sake, we estimated “slightly loaded” to be 
similar to the elasticity of a loose rubber band and assigned 
a stiffness of 30 N.m-1. With this, we can estimate the con-
trol gain range, using Equation 4, to be 0.01 – 0.1 m.s-1.N-1 
The stimulus was a 3 mm target at a distance of 22.5 mm 
(with an index of difficulty, or ID of 3). Error rate was not 
a reported factor since each pointing task had to be com-
pleted successfully.  
Using an isometric rate control device, Kantowitz and 
Elvers [11] tested two levels of control gain (0.04 and 0.08 
m.s-1.N-1) and found no significant difference. Error rates 
were between 15 and 30%. Interestingly, their study also 
evaluated an isometric position control device with control 
gain levels of 1 and 2. They found that Fitts’ law held for 
both devices, with higher slopes for the rate control condi-
tion and negative intercepts close to 0.8s. Using an isomet-
ric rate control device, Epps [7] also found good regression 
fitness with a negative intercept equal to 0.587 s. 



 

 

Non-Linear Control Gain Transfer Functions 
Researchers have also experimented with non-linear trans-
fer functions for control gain. 

Card et. al [4] tested an isometric joystick with a simple 
non-linear parabolic transfer function. The transfer func-
tion mapped forces below 4 N to a control gain of 0 m.s-

1.N-1 (the cursor did not move) and 0.008 m.s-1.N-1 for 
forces above. In spite of good Fitts’ law regression fitness, 
the joystick had an error rate between 10 and 15% and 
lower performance than the mouse. The authors attributed 
this to the non-linear transfer function.  

Rutledge et al. [17,18] compared a custom non-linear trans-
fer function with three constant control gain settings 
(0.075, 0.15, 0.3 m.s-1.N-1) and 2 parabolic non-linear func-
tions for an isometric rate control device. For all functions, 
performance decreased with control gain 0.3. Also, the 
constant functions were found to be faster when the index 
of difficulty is below 3.5 bits and slower above. Results for 
all functions were found to follow Fitts’ law. Their func-
tion has been improved by adding a negative inertia filter 
to the pointer motion [2]. 

Zhai ran a small pilot experiment with two subjects (an 
expert and a novice) to tune the control gain of an elastic 
device and an isometric device [21]. He used the non-linear 
function: V = FCG. Like Gibbs, he found that performance 
was optimal with a mid-level control gain, but since each 
level was tested with only 12 trials, it is unclear if his find-
ings are statistically significant. Zhai characterized this as a 
“U-Shape,” based on a plot of mean selection times over a 
range of control gains. However, he does not report the 
maximum force and the units of control gain are unclear. 

Summary 
There is no clear conclusion for the effect of control gain 
on user performance for rate control devices (Table 1). 
Gibbs [9] and Zhai [21] found a U-shaped performance 
curve; Rutledge et al. [18] found performance degraded 
with high control gains; and Kantowitz and Elvers [11] did 

not find any effect. However, in these experiments, the 
range of control gain levels was too small or the target 
distances and widths were conservative. Only Rutledge et 
al. [18] compared non-linear and constant control gain 
transfer functions, and they found that performance de-
creased with high control gain. In addition, only Zhai’s 2-
person pilot study has examined the influence of stiffness 
on user performance [21]. Yet, in his follow up evaluation 
of elastic and isometric devices, no significant effect on 
performance was found. This, in spite of participants not-
ing increased fatigue with the isometric device and Zhai’s 
argument that the elastic device provides richer propriocep-
tion. Finally, the interaction between control gain and stiff-
ness has not been evaluated. 

EXPERIMENT 
We wished to investigate the effect of control gain and 
stiffness for elastic devices ranging from isotonic to nearly 
isometric. Rather than confound the experiment with a 
custom non-linear control gain transfer function, we focus 
only on constant transfer functions. If there is an effect for 
control gain, then researchers can design non-linear trans-
fer functions guided by these base line results. 

Apparatus 
We used a single Phantom Desktop haptic device to simu-
late the different elastic devices [19]. This eliminated ex-
traneous intra-device differences, such as ergonomics, size 
and sensitivity, while also providing an efficient way to 
administer the experiment without having to frequently 
swap custom-built elastic devices during a session.  

The Phantom uses a stylus connected to a force-feedback 
armature to produce haptic feedback. It has an 1100 DPI 
nominal resolution and an operating range of 160 mm. 
With a maximum resistive force of 7.9 N, the Phantom can 
simulate a maximum stiffness of 1860 N.m-1. This allowed 
us to simulate a large stiffness range, from isotonic to near 
isometric (the maximum stiffness felt like an inflated bicy-
cle tire). Using the force feedback, the movement of the 

Study Device Control gain ID  Width (mm) Dist (mm) Result 

Gibbs [9] Elastic 
joystick  

Constant Function 
7 values (0.01 – 0.1 m.s-

1.N-1)* 

3 3  22.5  U-Shape: best control gain at 1.3 
s-1 (0.03 m.s-1.N-1*) 

Kantowitz & 
Elvers [11] 

Isometric 
joystick 

Constant Function 
(0.04, and 0.08 m.s-1.N-1) 

3.5 - 5.5 7 - 11  63 - 168  No effect 

Card et al. [4] Isometric 
joystick 

Non-Linear Function (0 to 
0.008 m.s-1.N-1 ) 

0.5 – 6 2.46 – 24.6** 10 – 160  High Error Rates 

Rutledge et al. 
[18] 

Isometric 
pointing 
stick 

3 Non-Linear and 3 Con-
stant Functions (0.075, 
0.15, 0.3 m.s-1.N-1 )  

1.75 - 6 2.8 – 14  Random Negative Effect for High control 
gain: performance decreased with 
control gain 0.3  

Zhai [21]  
(2 subj. pilot) 

Elastic 
device 

Non-Linear Function (con-
trol gain values unclear) 

6 DOF Docking Task 
 

U-Shape 

Table 1: Summary of prior work evaluating the effect of control gain with rate control devices.  
(*control gain levels estimated using 30 N.m-1 stiffness; **width between 1 and 10 characters with 1 character = 2.46 mm [13]) 



 

 

effector was constrained to a single degree of freedom 
parallel to the display and 2 cm above the table. To avoid 
instability when selecting the target, participants used their 
non-dominant hand to trigger a button on a mouse. 

The pointer velocity was computed from the resistive force 
and control gain using Equation 2. After running a pilot 
experiment, we observed that a dead-band was needed to 
prevent the pointer from moving without any apparent 
force applied to the device. The problem is that the Phan-
tom will not fully self-centre due to the presence of back-
drive friction. We found that using a deadband force, FDB, 
of 0.055 N stabilized self-centering across all stiffness 
levels. This value is close to the Phantom’s rated backdrive 
friction of 0.06 N and similar to values used previously 
[4,18]. Including the deadband, the pointer velocity is 
computed as: 

0
( ) ( ) . .

DB

DB

if F F
V

Sgn F CD F F o w
⎧ <⎪= ⎨ ⋅ ⋅ −⎪⎩

 (6) 

Where Sgn(x) = -1 if x < 1, 1 if x > 1, 0 if x = 0. 

The simulation is coded in C++ and uses OpenGL for the 
display and OpenHaptics toolkit to control the Phantom. 
The frequencies of the visual and haptic renderings were 
60 Hz and 1000 Hz respectively. 

Task  
The task was a reciprocal one dimensional pointing task 
(Figure 2). Each experimental trial began after the previous 
target was successfully selected and ended with the selec-
tion of the current target. After the current target was suc-
cessfully selected, it turned grey, and the next target to be 
selected, on the other side of the screen, turned white. If a 
participant missed a target, a sound was heard and an error 
was logged. Participants had to successfully select the 
current target before moving to the next, even if it required 
multiple clicks. The pointer was not constrained to the 
bounds of the screen to avoid using the edges to assist in 
target acquisition.  

Participants 
Sixteen right-handed people (14 male, 2 female) with a 
mean age of 25.2 (SD = 2.9) participated. All were regular 
computer users (at least 2 hours per day) and had little or 
no experience with isometric devices such as the Track-
Point or SpaceMouse, nor did they have previous experi-
ence with the Phantom. 

Design 
A repeated measures within-subjects design was used. The 
independent variables were STIFFNESS (0, 30, 120, 800, 
1600 N.m-1), Control Gain (CG) (0.05, 0.1, 0.3, 0.5, 0.7 m.s-

1.N-1), target DISTANCE (DL = 300 mm, DM = 150 mm, DS = 
75 mm), and target WIDTH (WL= 8 mm, WM = 4 mm, WS = 
2 mm). The operating range is treated as a dependant vari-
able since it is a function of CG and STIFFNESS. 

The nine DISTANCE and WIDTH (D-W) combinations give 
five Fitts’ Indices of difficulty (ID) ranging from 3.4 to 7.2. 
This design gives us redundant points at each ID, allowing 
us to examine different effects of DISTANCE and WIDTH. 
The tradeoff is that our ID range of 3.8 is narrower than 
Card et al. [4] or Epps [7] (with 6.18 and 6.04 respec-
tively). Mackenzie [13] discusses this issue, noting ex-
tremely narrow ID ranges, such as 2, as problematic. Our 
mid-point choice is an attempt to balance these range 
breadth with redundant points for each ID. 

distance (D)

width (W)

(a) target (c) cursor (b)  
Figure 2. Experimental display. The targets are solid vertical 
bars, equidistant from the centre of the display. The target to 
be selected was coloured white (a), and the previous target, 

which was the starting position, light grey (b). The cursor was 
represented by a one pixel thick vertical black line (c). 

The STIFFNESS levels range from pure isotonic (0 N.m-1) to 
nearly pure isometric (1600 N.m-1 with an operating range 
less than 1.0 mm). The intermediate STIFFNESS levels of 
120 N.m-1 and 30 N.m-1 enable comparison with the results 
of Zhai and Gibbs respectively. We also added a stiff 
spring of 800 N.m-1. The CG levels were chosen after run-
ning a pilot study with two participants. Since there is no 
resistive feedback with a stiffness of 0 N.m-1, we used a 30 
N.m-1 stiffness to compute the velocity making the only 
difference between these two levels the resistive force. 
Note that the SpaceMouse Cadman has a stiffness of ap-
proximately 2500 N.m-1 and an operating range of 4mm. 

Participants completed two consecutive BLOCKs of trials 
for each combination of CG and STIFFNESS. Each BLOCK 
consisted of 27 trials: 3 repetitions of the 9 D-W combina-
tions. The D-W combinations were presented in ascending 
order of ID within a single BLOCK to avoid drastic changes 
in difficulty. After 3 trials, a message displayed the cumu-
lative error rate and encouraged participants to conform to 
a 4% error rate by speeding up or slowing down. The pres-
entation order of CG and STIFFNESS was counterbalanced 
from low-to-high and high-to-low across participants using 
a Latin Square design.  

Before starting the experiment, participants had a 5-10 
minute training period to get used to controlling the cursor 
with 120 N.m-1 STIFFNESS and CG of 0.1 m.s-1.N-1. After the 
two blocks were completed for each STIFFNESS and CG 
combination, the participant rated the settings ease-of-use 



 

 

and fatigue using a 5 point Likert scale. The experiment 
lasted approximately 120 minutes. 

In summary, the experimental design was: 
 16 participants × 
 5 STIFFNESS × 5 CG × 
 2 BLOCKS × 9 D-W combinations × 3 trials 
 = 21,600 total trials 

RESULTS 
The dependent variables were error rate, movement time, 
operating range, and maximum force. 

Performance 

Error rate 
Repeated measures analyses of variance showed that the 
order of presentation of STIFFNESS or CG had no significant 
effect or interaction on error rate, indicating that a within-
participants design was appropriate. We also found no 
significant effect or interaction for BLOCK indicating there 
was no presence of a learning effect. Repeated measures 
analysis of variance found an expected significant main 
effect for WIDTH (F2,30 = 48.5, p < 0.0001) on error rate, but 
also significant main effects for STIFFNESS (F4,60 = 10.5, p < 
0.0001) and CG (F4,60 = 25.1, p < 0.0001).  

However, we have to be cautious before drawing any con-
clusions regarding these main effects because of a signifi-
cant interaction between STIFFNESS and CG (F16,240 = 4.3, p 
< 0.0001) which shows that error rate increases at different 
rates according to CG and STIFFNESS (Figure 3) – no other 
significant interaction was found. For example, while par-
ticipants maintained an error rate between 2.8 and 4.7% for 
30 N.m-1 STIFFNESS, they failed to do so with a STIFFNESS 
of 1600 N.m-1 where the error rate ranged from 2.6% to 
16.5%. This is in spite of encouraging participants to try 
and maintain a 4% error rate for all settings (note that Kan-
towitz et al. [11] and Card et al. [4] also found error rates 
between 10 and 15%).  

Given this STIFFNESS and CG interaction, a more meaning-
ful comparison of error rate across STIFFNESS levels should 
use optimum levels of CG. We first define the optimum CG 
range for each STIFFNESS level as the range of CG levels 
with a statistically significant lower error rate. In other 
words, the error rates for each CG within the optimum 
range are statistically better than those for all CG levels 
outside the range, and the error rates for CG levels within 
the range have no statistical difference. Using pairwise 
comparisons, we found the following optimum ranges: 

• STIFFNESS 0: CG [0.05 – 0.5] (all p < 0.02) 
• STIFFNESS 30: CG [0.05 – 0.3] (all p < 0.044) 
• STIFFNESS 120: CG [0.05 – 0.1] (all p < 0.014) 
• STIFFNESS 800: CG [0.05 – 0.1] (all p < 0.022) 
• STIFFNESS 1600: CG [0.05 – 0.1] (all p < 0.004) 

Repeated measures analysis of variance using the optimum 
CG range found a significant main effect (F4,60 = 4.1, p = 
0.006) for STIFFNESS on error rate. Pairwise comparisons 
found that STIFFNESS 0 had a significantly lower error rate 
of 5% compared to STIFFNESS 30, 120, and 1600 (p < 
0.007) (Figure 4).  

Our results indicate that CG has an impact on the error rate, 
and by comparing the optimal CG ranges, we found a slight 
error rate advantage with a STIFFNESS of 30 N.m-1. How-
ever, we note that all error rates are within an acceptable 
range at close to 4%. 
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Figure 3: Mean error rate for CG and STIFFNESS. 
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Figure 4: Mean error rate for STIFFNESS using optimal CG 
range. Error bars represent 95% confidence interval. All 

confidence intervals are computed from the standard devia-
tion quantifying dispersion among the sample of participants. 

Movement time 
Movement time is defined as the time it took to move from 
the previous target to the current target and correctly select 
it. Targets that were not selected on the first attempt were 
marked as errors, but were still included in the timing anal-
ysis (the same significant effects were found with and with-
out errors). 

Repeated measures analyses of variance showed that the 
order of presentation of STIFFNESS or CG had no significant 
effect or interaction on movement time, indicating that a 
within-participants design was appropriate. We also found 
no significant effect or interaction for BLOCK indicating 
there was no presence of a learning effect. As predicted by 



 

 

Fitts’ law, repeated measures analysis of variance found 
significant effects for DISTANCE (F2,16 = 280, p < 0.0001) 
and WIDTH (F2,16 = 190, p < 0.0001) on movement time, but 
also main effects for STIFFNESS (F4,32 = 3.6, p = 0.016) and 
CG (F4,32 = 6.9, p < 0.0001). 
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Figure 5: Mean movement time for CG and STIFFNESS. 
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Figure 6: Mean movement time for STIFFNESS using the opti-
mal CG range. Error bars represent 95% confidence interval. 

Just as with error rate, the significant interaction between 
STIFFNESS and CG (F16,28 = 9.2, p < 0.0001) provides more 
meaningful interpretation (Figure 5). Large differences 
were found between the best and worst performing CG 
levels for a given STIFFNESS. For example, we found a 42% 
increase between the movement times for the lowest and 
highest CG for the 30 N.m-1 STIFFNESS, and 41% increase 
between the 0.1 and 0.7 CG levels for the 1600 N.m-1 
STIFFNESS. Thus, as with error rate, more meaningful com-
parisons across STIFFNESS levels should be done using the 
optimum CG range. For the most part, we found that the 
range decreased as STIFFNESS increases: 

• STIFFNESS 0: CG [0.1 – 0.7] (all p < 0.01) 
• STIFFNESS 30: CG [0.3 – 0.7] (all p < 0.002) 
• STIFFNESS 120: CG [0.1 – 0.7] (all p < 0.02) 
• STIFFNESS 800: CG 0.1 (all p < 0.05) 
• STIFFNESS 1600: CG 0.1 (all p < 0.05) 
Repeated measures analysis of variance using the optimum 
CG range found a significant main effect of STIFFNESS (F4,52 
= 5.7, p = 0.001) on movement time (Figure 6). Pairwise 

comparisons found a significant difference between 
STIFFNESS 0 and all other STIFFNESS values (p < 0.02). At 
3.8s, the isotonic equivalent STIFFNESS value of 0 was 15% 
slower than the elastic or isometric STIFFNESS values. This 
confirms the results found by Zhai [21] while extending it 
to a wider range of stiffness values. However, Zhai found a 
47% difference between the isotonic and isometric rate 
control devices, which may be explained by the 6 DOF 
docking task or the different device form factors he used. 
Perhaps most interesting is that our results suggest that 
even with a very low stiffness of 30 N.m-1, participants can 
take advantage of the resistive feedback to more accurately 
control the device.  
Fitts’ Law analysis 
We also found a significant STIFFNESS × CG × ID interaction 
on movement time (F64,768=3.5, p<0.01) which led us to a 
Fitts’ law analysis. To perform the Fitts law analysis, we 
computed the effective width for each STIFFNESS × CG × D-
W combination, according to MacKenzie’s formulation 
since the error rate is not constant [13]. By using the nine 
D-W combinations rather than an aggregate time for the five 
IDs, independent effects of DISTANCE and WIDTH may be 
exposed. We found negative intercepts between -1.75 s and 
-0.11 s and slopes between 0.64 and 1.0 s.bit-1 for those 
settings which followed Fitts’ law. These are close to those 
found in previous work [9,7].  
Fitts’ law does not hold for all settings (Table 2 & Figure 
8). The settings which do not hold are with the largest 
distance and low CG levels, or the smallest WIDTH and high 
CG levels. These results explain the STIFFNESS × CG × ID 
interaction. 
Operating range 
The operating range is defined as the maximum distance 
between the two extreme positions of the effector. We 
expected the main effect of STIFFNESS on operating range 
(F4,32 = 173.5, p < 0.0001) since there is a dependency, but 
we were more interested in how CG and DISTANCE affected 
operating range. Repeated measures analysis of variance 
found a significant main effect for DISTANCE (F2,16 = 529.6, 
p < 0.0001) with operating range increasing with 
DISTANCE. Pairwise comparisons found significant differ-
ences between all DISTANCE values (p < 0.0001).  
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Figure 7: Mean operating range for CG and STIFFNESS. 



 

 

We also found a main effect for CG (F4,32 = 137.5, p < 
0.0001), but again the significant interactions are more 
relevant. We found a STIFFNESS × CG interaction (F16,128 = 
50.8, p < 0.0001) which shows how the operating range 
decreases with increased CG but at different rates across 
STIFFNESS (Figure 7). For example, the operating range 
decreases from 154 mm to 32 mm for STIFFNESS 0 but 
decreases from 3.5 mm to 0.7 mm for STIFFNESS 1600 N.m-

1. A significant CG × STIFFNESS × DISTANCE interaction 
(F32,256=10.8, p < 0.0001) revealed that with low STIFFNESS 
and low CG, the operating ranges for different DISTANCE 
can vary by as much as 40 mm. But, as the STIFFNESS and 
CG increase, the difference across DISTANCE becomes very 
small (less than 1mm in some cases).  

These operating range curves can assist designers of elastic 
rate control devices. For example, very little physical 
movement is required for devices with stiffness above 800 
N.m-1 with most distances. In addition, the relationship 
between these three factors can be further formalized using 
a multiple regression analysis.  

Using a regression analysis with a variety of possible 
model predictors, we found the ratio of distance to stiffness 
D/k and the inverse of the product of stiffness and control 
gain 1/(k ⋅CG) to be significant predictors (p<0.0001). A 

forward stepwise analysis found the contribution of each 
predictor to be: 

5 1462 DOR
k k CG
⋅

= + +
⋅

 (7)  

With this model, 1/(k ⋅CG) explains 83.7% of the variance 
(std err 5.2) and D/k 13.8% (std err 0.28). With a signifi-
cant r² value of 0.975 (F2,59=1114, p < 0.0001) and no with-
in-predictor collinearity (VIF=1.37, tolerance 0.73), this 
model predicts the operating ranges used by our experi-
mental settings within -80% and 41% of the real data, with 
a mean prediction within -15%. 

Maximum force 
The maximum force is the maximum absolute amplitude of 
force applied to the end effector during a trial. Repeated 
measures analysis of variance show a significant main 
effect of STIFFNESS (F4,32 = 57.0, p < 0.0001), CG (F4,32 = 
84.2, p < 0.0001), and DISTANCE (F2,16 = 58.4, p < 0.0001) 
on maximum force. But again, the significant STIFFNESS × 
CG interaction is most interesting (F16,128 = 17.2, p < 
0.0001) (Figure 9). It shows that the maximum force ap-
plied on the effector decreases at different rates across 
stiffness as the CG increases. For example, it decreases 

STIFFNESS 
N.m-1 

CG 
m.s-1.N-1 a b r2 

0.05 -0.92 1.00 0.90 
0.1 -0.11 0.71 0.94 
0.3 -0.84 0.81 0.83 
0.5 -0.75 0.80 0.94 

0 

0.7 0.10 0.65 0.57 

0.05 -1.25 1.04 0.75 

0.1 -0.57 0.75 0.88 
0.3 -0.73 0.69 0.93 
0.5 -0.83 0.73 0.81 

30 

0.7 -0.39 0.64 0.82 
0.05 -1.32 0.94 0.83 
0.1 -0.62 0.70 0.86 
0.3 -0.79 0.75 0.83 

0.5 -0.19 0.62 0.69 
120 

0.7 -0.29 0.70 0.64 

0.05 -1.50 0.93 0.89 
0.1 -1.75 0.89 0.88 

0.3 -0.99 0.85 0.53 

0.5 -1.51 1.05 0.45 

800 

0.7 -3.07 1.65 0.42 

0.05 -1.05 0.82 0.87 
0.1 -1.02 0.76 0.92 

0.3 -1.84 1.03 0.63 

0.5 -2.50 1.27 0.52 

1600 

0.7 -2.94 1.67 0.36 

Table 2: Fitts’ Law regression values for 
STIFFNESS and CG: a is the intercept, b is 
the slope, r2 is the fitness (computed as 
means over participants). Lines high-

lighted in grey have low fitness (r2 < 0.8).
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Figure 8. Fitts’ law regression plots by STIFFNESS and CG. Plots highlighted in bold 
have low fitness (r2 < 0.8). In these cases, different D-W combinations have differ-

ent movement times in spite of having the same ID. For example, the combinations 
DLWL, DMWM, and DSWS all have ID = 5.3, but for STIFFNESS and CG settings of 

1600 N.m-1 and 0.7 m.s-1.N-1 the movement times appear different.  



 

 

from 2.8 N to 0.6 N for the 1600 N.m-1 STIFFNESS and from 
1.6 N to 0.5 N for the 30 N.m-1 STIFFNESS.  

We were pleased to see that participants did not exceed the 
maximum force of the Phantom (7.9 N), and in fact applied 
forces much less than that. These values can help elastic 
device designers when choosing appropriate force sensing 
hardware.  

0

1

2

3

4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8M
ax

im
um

 fo
rc

e 
ap

pl
ie

d 
on

 e
ffe

ct
or

 (N
)

CG (m.s-1.N-1)

0
30
120
800
1600

Stiffness
(N.m-1)

 
Figure 9: Mean maximum force applied for CG and STIFFNESS. 

User feedback of ease-of-use and fatigue 
After completing all BLOCKS for a STIFFNESS and CG com-
bination, we asked the participants to answer two questions 
about ease-of-use and fatigue using a Likert scale. The 
ease-of-use question was worded “How easy is it to move 
the pointer the way you want?” and the fatigue question 
“How tiring is it to move the pointer?” The Likert scale 
ranged from 1 (“very easy to use” or “not tiring at all”) to 5 
(“very difficult to use” or “very tiring”). Since this pro-
duces ordinal data which is not normally distributed, the 
analysis used rank-transformed data – replacing each origi-
nal value by its rank from 1 for the smallest value to N for 
the largest. Note that there is no equivalent non-parametric 
method for two-way or three-way designs.  

Ease-of-use 
Repeated measures analysis of variance found a significant 
main effect for STIFFNESS (F4,60 = 13.3, p < 0.0001) and CG 
(F4,60 = 12.9, p < 0.0001) on ease-of-use scale. Again, a 
significant STIFFNESS × CG interaction (F16,240 = 4.9, p = 
0.0001) is most relevant (Figure 10). It shows that the easi-
est to use control gain depends on stiffness. For low values 
of STIFFNESS, pairwise comparisons found no significant 
difference across CG. However, as the STIFFNESS increases, 
significant differences were found for a stiffness 120 N.m-1 
with a significant difference between CG 0.7 m.s-1.N-1 and 
all other CG levels (p < 0.015) and for STIFFNESS 800 N.m-1 
and 1600 N.m-1, CG ranges [0.05-0.1] and [0.3-0.7] were 
significantly different (p < 0.03).  

If we compare the optimum CG ranges for each STIFFNESS, 
we see a significant difference between 0 N.m-1 and all 
other values except 1600 N.m-1 (p < 0.01) (Figure 11).  
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Figure 10: Median ease-of-use for CG and STIFFNESS. 
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Figure 11: Median ease-of-use and fatigue score for STIFFNESS 

using the optimal CG range. 

Fatigue 
Repeated measures analysis of variance found a significant 
main effect across STIFFNESS (F4,60 = 7.8, p < 0.001) and CG 
(F4,60 =10.4, p = 0.001) on fatigue scale. Once again, a 
significant STIFFNESS × CG interaction (F16,240 = 2.6, p = 
0.001) is most relevant. Pairwise comparisons found no 
significant differences for CG with 0 N.m-1 STIFFNESS. 
However, for higher STIFFNESS levels, participants found 
either the lowest or highest extremes of CG to be most tir-
ing (Figure 12). For STIFFNESS 30 N.m-1, the lower range of 
CG [0.05 - 0.1] were most tiring (p < 0.0001); for STIFFNESS 
120 N.m-1, the lower range [0.05-0.1] were most tiring (p < 
0.03); but for STIFFNESS 800 N.m-1, the high range [0.1 – 
0.5] were least tiring (p < 0.02); for STIFFNESS 1600 N.m-1 
there was no significant difference. 

By using the optimum CG ranges reported as least tiring, 
we find significant differences between STIFFNESS ranges 
[30 – 120 N.m-1] and [800 – 1600 N.m-1] (p < 0.02) (Figure 
11). Participants found higher STIFFNESS more tiring con-
firming Zhai’s argument that although performance may be 
similar, people find isometric feedback more tiring. 
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Figure 12: Median fatigue for CG and STIFFNESS. 

DISCUSSION 

Influence of control gain on user performance 
We found a strong effect of control gain on user perform-
ance (both error rate and movement time), which shows 
that it is a critical factor to tune in rate control input de-
vices. Plotting control gain against movement time exhibits 
a U-shaped curve with the optimum control gain levels 
dependent on the elastic stiffness. This confirms the gen-
eral shape of the performance curve reported by Gibbs [9] 
and Zhai [21]. In addition, we show that the optimum val-
ues (the bottom of the U-shape) shift towards low control 
gain values with increased stiffness and optimum value 
range (the flatness of the bottom of the U-shape) increase 
with decreasing stiffness.  

Our Fitts’ law analysis explains why this stiffness-
dependent U-shape curve occurs. Low control gain values 
make corrective movements easier and faster, but take 
more time to cover the distance to the target. In contrast, 
high control gain values quickly cover the target distance, 
but the corrective movements are difficult which increases 
overall movement time. With these extreme settings, mov-
ing to the target and acquiring the target are almost like two 
different devices. To provide a good tradeoff moderate 
values of control gain are recommended. 

Influence of proprioception and control gain 
If we had found the same optimal value of control gain 
across all stiffness levels, it would have meant that partici-
pants rely only on force to control the pointer velocity. Our 
findings demonstrate that participants also rely on dis-
placement, using a combination of force and displacement 
sensing for velocity control. In fact, we note that the maxi-
mum force for 120, 800 and 1600 N.m-1 stiffness with 0.7 
m.s-1.N-1 control gain are very close (Figure 9), but there is 
a large difference in movement time and error rate (Figure 
3 and Figure 5). The only difference between these settings 
is the effector displacement, which is greater with the low-
er 120 N.m-1 stiffness resulting in better performance. This 
suggests that participants use displacement more than force 
to control velocity. The lower fatigue with decreased stiff-
ness and control gain further supports the relationship be-

tween effector displacement and performance. Lower con-
trol gain values increase displacement, and therefore can 
increase performance with high stiffness devices (but the 
range of usable control gain levels is also reduced with 
higher stiffness). 

Influence of stiffness  
With an appropriate selection of control gain, devices with 
different stiffness perform equally well, except for stiffness 
0, the pure isotonic condition, which had slightly higher 
error rates and a 15% increase in movement time. The only 
difference between 0 and 30 N.m-1 stiffness levels is the 
self centering mechanism, so our study confirms that an 
elastic or isometric device is more suited to rate control. 
But, we also demonstrate that even a moderate level of 
stiffness is sufficient. The difference in performance be-
tween the pure isotonic and the elastic/isometric condition 
is lower than Zhai [10] likely because we use a 1D control-
ler and a single device form factor across conditions.  

Design guidelines 
Considering the importance of proprioception, fatigue and 
the difficulty of tuning control gain with high stiffness, we 
recommend that elastic device designers use lower stiffness 
values. However, with lower stiffness values comes a lar-
ger device operating range. This can be an issue because 
rate control devices are often used for situations where the 
physical device space is restricted. If this is an issue, then 
we recommend using the upper limit of the optimum range 
of control gain values, and continue to use a stiffness value 
as low as possible to obtain the desirable operating range. 

Before setting the control gain, first select a deadband force 
to counteract the natural backdrive friction of the device. 
Also, to accurately control the cursor velocity, the display 
resolution and control loop frequency must be used. 

Now if we combine the optimum control gain range given 
an acceptable error rate (around 4%), movement time, ease 
of use and fatigue, we have the following optimum ranges: 

• Stiffness 0: control gains [0.1 – 0.5] 
• Stiffness 30: control gains [0.3 – 0.7] 
• Stiffness 120: control gain 0.1 
• Stiffness 800: control gain 0.1 
• Stiffness 1600: control gain 0.1 
In other words, if the stiffness is greater than 120 N.m-1, a 
control gain equal to 0.1 m.s-1.N-1 will give the optimal 
performance for movement time and error rate. For stiff-
ness below 120 N.m-1, this value can be increased up to 0.7 
m.s-1.N-1 as the stiffness gets closer to 0. Higher stiffness 
accommodates a device with a small operating range. 

Using Figure 9 or Equation 7, the selected control gain 
value should be checked for a compatible operating range 
given the device space constraints, the desired spring stiff-
ness and device display size (with the display diagonal 
considered as the maximum target distance). If Equation 7 



 

 

results in an operating range which cannot be accommo-
dated by the device, it suggests that the operating range is 
too constrained. However, the control gain can be in-
creased to accommodate, but it may degrade performance. 

As an example, consider selecting the best control gain for 
the Nintendo Wii Nunchuck rate control device. The Nun-
chuck has a 2D elastic joystick with a 20mm operating 
range and a 60 N.m-1 stiffness. With a maximum target 
distance of 300 mm, Equation 7 finds an operating range of 
30 mm and a control gain of 0.7 m.s-1.N-1. Considering the 
wide optimum control gain range for this stiffness, we can 
increase control gain without hurting performance to fall 
within the 20 mm operating range of the Nunchuck. 

CONCLUSIONS AND FUTURE WORK 
Thus far, tuning elastic device parameter settings has been 
guided by inspiration and small pilot experiments. With 
this study we provided a systematic analysis of not only 
stiffness, but also its interaction with control gain. We have 
shown that control gain is a critical factor when tuning rate 
control devices and demonstrated how the stiffness impacts 
the optimum range of control gains. With optimum control 
gain values, we found that elastic and isometric devices can 
perform equally well. However, operating range and its 
effect on user fatigue is another important factor to con-
sider. Considering the stiffness, operating range and con-
trol gain, we provide the first guidelines for choosing stiff-
ness, and control gain for rate control devices. The results 
of our experiment give a base line for comparisons involv-
ing rate control devices and for experimentation with non-
linear functions. As future work, we plan to begin this 
work by investigating the optimal design of non-linear 
functions for rate control devices. 

ACKNOWLEDGEMENTS 
We thank all the study participants and Adel Abderrahmani 
for his help in running the experiment. We also thank the 
IRCICA for its support. 

REFERENCES 
1. Accot, J., and Zhai, S. Scale effects in steering law 

tasks. In Proc. of CHI’01, 2001, pp. 1–8. 
2. Barrett, R. C., Selker, E. J., Rutledge, J. D., and Olyha, 

R. S. Negative inertia: a dynamic pointing function. In 
Proc. of CHI '95, 1995, pp. 316–317. 

3. Buck, L. Motor performance in relation to control-
display gain and target width. Ergonomics, 32 (1980), 
579 – 589.  

4. Card, C., English, W., and Burr, B. Evaluation of 
mouse, rate controlled isometric joystick, step keys, and 
text keys for text selection on a crt. Ergonomics, 21 
(1978), 601–613. 

5. Casiez, G., Vogel, D., Pan, Q., and Chaillou, C. Rub-
berEdge: reducing clutching by combining position and 
rate control with elastic feedback. In Proc. of UIST’07, 
2007, pp. 129–138.  

6. Douglas, S. A., and Mithal, A. K. The effect of reduc-
ing homing time on the speed of a finger-controlled 
isometric pointing device. In Proc. of CHI’94, 1994, pp. 
411–416. 

7. Epps, B.W. Comparison of six cursor control devices 
based on Fitts’ law models. In Proc. of the 30th Annual 
Meeting of the Human Factors Society, 1986, 327–331. 

8. Froehlich, B., Hochstrate, J., Skuk, V., and Huckauf, A. 
The GlobeFish and the GlobeMouse: two new six de-
gree of freedom input devices for graphics applications. 
In Proc. of CHI’06, 2006, pp. 191–199. 

9. Gibbs, C. Controller design: interactions of controlling 
limbs, time-lags and gain in positional and velocity sys-
tems. Ergonomics, 5 (1962), 385–402. 

10.Jellinek, H.D., and Card, S.K. Powermice and user 
performance. In Proc. of CHI '90, 1990, pp. 213–220. 

11.Kantowitz, B. H., and Elvers, G. G. Fitts’ law with an 
isometric controller. Effects of order of control and con-
trol-display gain. Journal of Motor Behavior, 20 
(1988), 53–66. 

12.Kawachiya, K., and Ishikawa, H. NaviPoint: an input 
device for mobile information browsing. In Proc. of 
CHI’98, 1998, pp. 1–8. 

13.MacKenzie, I. S. Fitts’ law as a research and design tool 
in human computer interaction. Human Computer In-
teraction, 7 (1992), 91–139. 

14.MacKenzie, I. S., Sellen, A., and Buxton, W. A. S. A 
comparison of input devices in element pointing and 
dragging tasks. In Proc. of CHI’91, 1991, pp. 161–166. 

15.Mithal, A. K., and Douglas, S. A. Differences in move-
ment microstructure of the mouse and the finger-
controlled isometric joystick. In Proc. of CHI’96, 1996, 
pp. 300–307.  

16.Phillips, J. D., Triggs, T. J., and Bellgrove, M. Com-
puter Screen Cursor Trajectories as Controlled by an 
Accupoint: A Kinematic Analysis. In Proc. of Com-
puter Human Interaction Conference, 1998, pp. 314–
319. 

17.Rutledge, J. D., and Selker, E. J. Controller for im-
proved pointing devices. US Patent 5,764,219. 1998. 

18.Rutledge, J. D., and Selker, T. Force-to-Motion Func-
tions for Pointing. In Proc. of Interact’90, 1990, pp. 
701–706. 

19.Sensable, Phantom haptic device, www.sensable.com. 
20.Ugural, A. C., and Fenster, S. K. Advanced strength 

and applied elasticity. Prentice Hall PTR. 2003. 
21.Zhai, S., Human Performance in Six Degree of Free-

dom Input Control. Ph.D. Thesis, University of To-
ronto, 1995. 

 


