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ABSTRACT

Linear hand movement in mid-air is one of the most fun-
damental interactions in virtual reality (e.g., when drag-
ging/scaling/manipulating objects and drawing shapes). However,
the lack of tactile feedback makes it difficult to precisely control
the direction and amplitude of hand movement. In this paper, we
conducted three user studies to progressively examine users’ ability
of fine motor control in 3D linear hand movement tasks. In Study
1, we examined participants’ behavioural patterns when drawing
straight lines in various directions and lengths, using both the hand
and the controller. Results showed that the exhibited stroke length
tended to be longer than perceived, regardless of the interaction tool.
While displaying the trajectory could help reduce directional and
length errors. In Study 2, we further tested the effect of different
visual references and found that, compared with an empty room
or cluttered scenarios, providing only a virtual table yielded higher
input precision and user preference. In Study 3, we repeated Study
2 in real dragging and scaling tasks and verified the generalizability
of the findings in terms of input error. Our core finding is that the
user’s hand moves significantly longer than the task length due to
the underestimation of stroke length, yet the error of the Z-axis
movement is smaller than that of the X-axis and the Y-axis, and a
simple virtual desktop can effectively reduce errors.

Index Terms: Human-centered computing—Human computer
interaction (HCI)—Interaction paradigms—Virtual reality Human-
centered computing—Human computer interaction (HCI)—HCI
design and evaluation methods—User models

1 INTRODUCTION

As one of the most fundamental interactions in virtual reality, linear
hand movement is widely used for dragging, scaling, and 3D object
manipulation. It is also common in target acquisition tasks [1], as
it maximizes the efficiency of hand movement. Compared with
hand movements on 2D desktops or touchscreens, mid-air hand
movements in VR have greater spatial freedom. Moreover, the lack
of physical support and tactile feedback makes it difficult to precisely
control the direction and amplitude of hand movement [41]. The
proliferation of hand movement-based interaction in VR (e.g., 3D
modeling [23, 65], sketching [8, 21, 61], and out-of-view target
acquisition [25, 66, 67]) has put forward requirements for finer
control of hand movements. Therefore, understanding the user’s
ability to fine motor control in linear 3D hand movements is crucial
for a wide variety of VR applications.

Researchers have noted that fine control of mid-air hand move-
ment relies on both proprioception and visual perception [14, 46].
Existing work has found that human proprioception [67] and visual
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perception are biased in virtual environments: people consistently
underestimate distances in virtual environments [51] and perceive
an object’s size to be smaller than the actual [56]. However, little
research has been done on the effect of this perceptual bias on the
performance of their 3D input in VR. Alternatively, several works
have attempted to generalize the classical Fitts’ law [22] into 3D
space to predict human performance in pointing tasks [10, 60]. How-
ever, the results cannot be applied directly to linear movement tasks
that also require the straightness of the movement.

In this research, we conducted three user studies with a total
of 60 participants to examine users’ fine motor control ability of
linear hand movement in virtual reality. Three consecutive stud-
ies explored the three most influential factors in VR applications,
including interaction tools (using controllers or hands), visual ref-
erences (indoor and outdoor environments with different levels of
clutter), and interaction tasks (drawing lines, dragging, and scaling
objects). In addition, the human factors of hand movement direction
and distance have also been studied in depth.

In Study 1, we asked participants to draw straight lines with
specified directions and lengths, which was the simplest linear hand
movement task in VR. We compared different drawing tools (hand
vs. controller) and stroke visibility (visible vs. invisible). The
results showed that user-drawn trails were significantly longer than
task length in the X-axis (left-to-right) and the Y-axis (up-to-down),
but only slightly longer when drawing in the Z-axis (back-to-front).
And compared with using a controller, drawing by hand produces a
larger deviation in direction. With displayed trails, users drew slower
but more accurately in both length and direction. The results are
consistent with the general underestimation of distance and size in
virtual environments [31, 51, 56], but the significantly smaller length
error in the Z-axis reflects a distinct feature of hand movement.

In Study 2, we asked participants to perform the same line-
drawing task but assessed the effect of visual references including
cluttered environments and a virtual table. The results showed that,
compared with cluttered environments, the existence of a virtual
desktop effectively reduced the error in length and straightness, but
slowed down the drawing speed. Adding more objects to the table
did not further enhance its error suppression.

Finally, we evaluated the generalizability of the findings in Study
2 in two real tasks in VR: dragging and scaling objects. We asked
participants to drag objects in the target direction and distance, and
scale shapes so that they have the specified side length. The results
showed that consistent with Study 2, the virtual table also resulted in
higher length accuracy and lower speed in both tasks. Interestingly,
while the dragging task revealed the same phenomenon of length-
lengthening, the scaling task showed an opposite trend of negative
length error.

In brief, our work revealed that the user’s hand moves signif-
icantly longer than the task length due to the underestimation of
stroke length, yet the error of the Z-axis movement is smaller than
that of the X-axis and the Y-axis, and a simple virtual desktop
can effectively reduce errors. Our findings serve as guidelines for
designing interfaces and interactions for many precision-first 3D
applications in virtual reality that require users to accurately per-
ceive spatial distances and perform delicate manipulations (e.g., 3D
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modeling, assembly, sketching, etc.).
The contributions of this paper were three-folded:

* We systematically examined the user’s fine motor control abil-
ity of linear hand movement in VR, with factors of trail visibil-
ity, drawing tool, direction, and length.

* We investigated the effect of various visual references and
found that compared with an empty room or cluttered in-
door/outdoor scenarios, providing only a virtual table yielded
higher input precision and user preference.

* We validated the findings in real dragging and scaling tasks
and distilled our findings into design implications for hand
interactions in VR.

2 RELATED WORKS
2.1 Spatial Perception in VR

High immersion is one of the main goals pursued by virtual reality,
which requires the system to provide a high-fidelity experience of
the depicted virtual scenes. However, due to the hardware and
display technology limitations of current virtual reality headsets,
perceptual distortions of the spatial properties of scenes or included
objects are unavoidable [29]. Quantifying the deviation of the user’s
spatial perception ability and how it affects the user’s performance
in action-based tasks has been a research hotspot.

Many studies have investigated the perception of egocentric dis-
tances in virtual environments (VEs), and most of them show that
people consistently underestimate distances in VEs. It has been
reported that the mean estimation of egocentric distances in vir-
tual environments is about 74% of modeled distances [51]. Recent
works [30, 31, 42, 63] have extensively studied the various factors
that affect human perception of egocentric distance in VEs, includ-
ing device attributes (brand, weight, etc.), display characteristics
(luminance, resolution, field of view, etc.), virtual environment (type,
richness, shadows, etc.), and human factors (experience in VR, vi-
sion condition, etc.). They concluded that the compression of the
user’s perception of distances is eased with a wider horizontal FOV,
higher spatial resolution, reduced device weight, and more cluttered
environments. Other works compared user performance of distance
perception in VR HMDs with AR displays [2, 50] and Video See-
Through head-mounted displays [49, 62]. In addition to distance,
visual perceptual errors of object size [7, 20, 47, 57, 71] in VR have
also been extensively studied. It is revealed that people perceive an
object’s size as smaller [56], which is related to the underestimation
of distance perception.

Most of the quantitative studies above analyzed the perception of
people only in observation tasks rather than input tasks. For example,
the verbal report is the most commonly used verification method in
distance perception research [2], but it does not involve any body
movement. Some distance perception studies have tested perceptual
matching tasks such as blind-walking [42, 62] or blind-throwing [52]
tasks, while it splits human perception and movement in time. In
addition, it is noted that fine control of mid-air hand movement is
based on both proprioception and visual perception [14, 46], and
provides a different kind of information for different stages of move-
ment planning [34, 54]. The synergy and interaction of multiple
senses and the effects of perceptual biases during human movement
(such as fine motor control of the hand) have not been fully stud-
ied. It is also worth noting that, perceptual matching tasks usually
adopted relative lengths [7, 20, 23], while in verbal estimation pro-
tocols [3, 32, 35, 39] the observer states depth in terms of some
familiar unit, such as feet, meters, etc. In this work, absolute lengths
in a standard unit (cm) were used in the instruction given to the par-
ticipants. We designed it this way because many precision-first 3D
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applications in virtual reality (e.g., 3D modeling, assembly, sketch-
ing, etc.) require the user to have not only an accurate perceptual
match but also an accurate estimate of the absolute spatial distance
in standard units.

2.2 Hand Movement Based Interactions in VR

Moving hand in mid-air is one of the most fundamental interactions
in virtual reality. It has become a standard interaction paradigm
where people move their hand (or hand controller) in VR to select,
acquire, drag, and manipulate virtual objects. Linear movement
is the most common type of movement in the above scenarios. It
is shown that the trajectories of almost all aimed hand movements
follow approximately a straight line [1].

In recent years, 3D content creation, education and training, vir-
tual medical treatment, and other VR-based applications have devel-
oped rapidly. In these applications, the need for fine motor control
of the hand often arises. For example, VR-based design and sketch-
ing tools [11, 23, 65, 69] provide professional designers with pen
and paper-like functions, allowing free creation of 3D curves and
deformation of surfaces. Although aided by algorithms, to achieve
aesthetic and accurate artwork, users must have the ability to finely
control the three-dimensional movement of the hand. In 3D mod-
eling and scene design software [28, 68], users often need to rotate
and scale the model to an appropriate size, which also requires users
to accurately judge and control the distance and direction of hand
movement.

The freedom and expressiveness of free-hand 3D sketching make
it appealing to users, but the increase in spatial dimension also makes
it more challenging than 2D drawing. The user’s ability to sketch in
VR has been extensively studied, including the effect of the physical
surface [6], the user’s spatial ability [12], and the transparency of
the hand and pen [9]. To help users sketch more accurately, many
works propose interaction technologies as assistance [8, 21, 40, 61].

The precise pointing, acquisition, and manipulation of a 3D object
also require precise control of hand movements [13, 59]. Recently,
many out-of-view interactions have been proposed in target search
and acquisition [25, 66, 67]. This new type of interaction requires
not only the establishment of spatial memory but also precise control
of hand movements. Understanding user preferences and factors that
affect the accuracy of user movements is crucial to the development
of VR applications.

2.3 Behavioral Models for Hand Movement in VR

Much research is focused on building models to quantify the perfor-
mance of hand movements (e.g., speed and accuracy). Classic works
that modeled human performance of accuracy and efficiency were
built for 2D tasks (e.g., Fitts’ law [22], Meyer’s law [44], and Steer-
ing law [70]). In contrast to table-supported planar hand movements,
mid-air hand movements in VR exhibit full 3D degrees of freedom,
and extend the range of motion to the limits of the human arm’s
reach. In this context, many recent works have attempted to extend
Fitts’ law into 3D space [18, 27, 33, 60]. However, these works all
focused on pointing tasks, which did not restrict the movement’s
trajectory.

In contrast to task performance models, dynamic models describe
the entire dynamics of motion. Some works [10, 38] have studied
dynamic models of aimed movements in VR. These models aim
to predict the full-time series of position, velocity, and accelera-
tion of aimed movements. With the popularity of deep learning
technologies, some works used kinematics-based regressive models
for continuously predicting human hand [17, 24], head [26], and
eye [5] movement in VR. Although these models derived from data-
driven algorithms can predict the process of hand movements, the
interpretability of the models is limited, and there is still a lack
of systematic exploration of factors that affect users’ behavioural
patterns (e.g., visual references).
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3 STuDY 1: EFFECT OF INTERACTION TOOL

In this study, we asked participants to draw straight lines with spec-
ified directions and lengths, which was the simplest linear hand
movement task in VR. Because visual feedback plays an important
role in improving the speed and accuracy of mid-air interactions
(e.g., visual feedback makes size [20] and distance [49] perception
more accurate), we controlled the visibility of drawn strokes and
compared participants’ behavioural patterns in terms of speed and
accuracy.

3.1

We recruited 24 participants from the campus (11 females, 13 males)
with ages ranging from 18 to 26 (M = 21.7, SD = 2.4). All partici-
pants were right-handed. They reported an average experience with
VR of 3.7 hours and 2 of them had used VR for no more than 5
hours (SD = 10.2), but none of them had used VR sketching tools
(e.g., Tilt Brush and Gravity Sketch). Each participant was paid $15.

We used an HTC Vive Cosmos Elite HMD as the apparatus. The
HMD had a refresh rate of 90Hz and a resolution of 1440 x 1700
per eye. Similar to existing works [47, 55], we attached a Leap
Motion controller to the HMD (see Figure 1), which could track the
3D finger position during interaction with an accuracy of 1.2mm at
120 Hz. The average spatial positioning errors of the Vive controller
and Leap Motion controller are both less than 5 mm and close to
each other [45, 64]. The experimental platform was developed in
C# using Unity 3D 2021.3.8flcl.

Participants and Apparatus

Controller Hand

Vive Cosmos
Elite Headset
Vive
Controller

L@l Motion
ntroller. +.

Stroke/Q

Start point

Figure 1: Upper left: Experiment apparatus. The picture shows the
participant drawing with the controller; Upper right: The illustration of
3 Stroke Direction The picture shows the participant drawing with the
hand; Lower: The illustration of the line-drawing task.

3.2 Experiment Design

The goal of this study was to examine user behavioural patterns
during line-drawing tasks with different drawing tools and trail
visibility. Specifically, we used a within-subject design with four
factors:

* Tool (Hand vs. Controller). We asked participants to complete
the tasks both with the index finger of their dominant hands
and using the handheld controller of the apparatus.

Trail Visibility (Visible vs. Invisible). Displaying the trail
during drawing as visual feedback may help users improve
accuracy, but it costs more time due to the trade-off of speed
and accuracy.
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* Stroke Direction. Based on a pilot study in which another 5
participants used Tilt Brush freely, we designed the stroke di-
rection to be the X-axis (left-to-right), the Y-axis (up-to-down),
and the Z-axis (back-to-front). The illustration of directions is
shown in the right part of Figure 1.

Stroke Length. Based on the pilot study above, we set four
stroke lengths (5cm, 10cm, 20cm, and 30cm), which were all
comfortable to reach and consistent with ergonomic guidelines
[48].

Figure 1 shows the experimental platform. In each task, we used a
sphere with a radius of 0.5cm to indicate the starting position of the
stroke (which was fixed at the same height as the participants’ chin,
and 30cm away according to the pilot study), and a cursor (another
red sphere with the same radius) to indicate the current location
of the fingertip or controller. In the visible condition, the trail was
visualized in red with a width of 1 cm. Under both conditions, the
hand is not rendered.

3.3 Procedure

Before the experiment, we arranged a 3-minute warm-up session to
help participants strengthen their muscle memory of drawing lines
of different lengths. We showed cardboard with 4 painted lines. Line
lengths were 5cm, 10cm, 20cm, and 30cm, respectively. And the
participants were allowed to observe and trace the lines freely.
During the experiment, the participants stood still. We first
measured the height of the participant’s chin using a tape mea-
sure and set the location of the drawing starting point accordingly.
They first spent another 1 minute familiarizing themselves with
the use of the apparatus, and then completed two drawing tasks,
each corresponding to a drawing tool. In each session, they com-
pleted 12 blocks of tasks, corresponding to different combinations
of Direction x Length, and each block contained 3 repetitive trials.
The order of sessions and blocks was counterbalanced using Latin
Square. For each trial, participants first move the cursor to the start-
ing point, and “draw a straight line with the specified length and
direction as accurately as possible.” In the Controller condition, they
pressed and released the trigger to indicate the start and end of the
stroke, respectively. In the Hand condition, they used the trigger of
a controller on the left hand instead, as the right hand was used for
drawing. A short break was enforced between the different blocks.

3.4 Results

In total, we collected 2tools x 2 visibility x 3 direction x 4 length x
3reps x 24 participants = 3,456 strokes from all participants. We
did not remove any outliers. In this paper, we used RM-ANOVA
for all statistical tests. When our data violated the assumption of
sphericity, we reported results with a Greenhouse-Geisser correction.
We performed post-hoc pairwise comparisons using Bonferroni-
corrected paired t-tests.

3.4.1

We calculated the drawing speed as the target stroke length divided
by the time taken to draw (in cm/sec). Figure 2(a) showed the
average drawing speed under different conditions. Trail Visibility
produced a significant effect on drawing speed (F} 23 = 17.9,p <
.001). As expected, participants drew slower when trails were visible
(M =10.8, SE = 1.0) than when trails were invisible (M = 13.1, SE
= 1.2). This may be because the presence of visual feedback affects
the type of motor control applied by the users in the tasks [53].
If there is no visual feedback and no knowledge of instantaneous
accuracy, the movements are performed in forward control, relying
on the relatively limited information provided by the proprioceptive
system. With visual feedback, users apply feedback control, which
involves a corrective loop and reduces the error between the target
and the instantaneous movement state. In addition, it is noted that

Drawing Speed
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Figure 2: Main effects of Trail Visibility, Tool, and Stroke Direction for
(a) Drawing Speed, (b) Length Error, (c)Straightness Error, and (d)
Directional Error. Error bars indicate the SE.

the eyes-free approach gained a speed advantage perhaps because
it did not require users to turn their heads or search for targets
in the view, which was time-consuming [67]. In comparison, no
significant difference in drawing speed was found between different
Tools (controller vs. hand) (p = .83).

Stroke Direction also had a significant impact on the drawing
speed (F3 46 = 16.7, p < .001). The drawing speed in the X-axis (M
=12.4, SE = 1.0) and the Y-axis (M = 12.4, SE = 1.1) were very close
and higher than in the Z-axis (M = 10.9, SE = 1.1). Moreover, for
both the hand and the controller, drawing speed increased monotoni-
cally with stroke length (Figure 3(a)), suggesting that participants
tended to draw faster for longer strokes.

3.4.2 Length Error

We measured the length error as the difference between the length
of the exhibited stroke and the target stroke (in cm). A positive
length error indicated that the participant drew longer than perceived,
and vice versa. Figure 2(b) showed the average length error under
different conditions. Interestingly, participants generally drew longer
than the task length, whether trails were visible (M = 2.2 cm) or
not (M = 3.3 cm). The literature [31, 51, 56] indicated that users
generally underestimate distances and object sizes in VEs, so the
increase in stroke length may be due to the underestimation of the
length of the trail.

Trail Visibility (p = .06) and Tool (p = .88) did not have a sig-
nificant effect on the length error. However, the displayed trails
would result in significantly lower values of the Relative Length
Error (0.27 vs. 0.38, Fy »3 = 23.8, p < .001), which is the absolute
value of the Length Error divided by the target Stroke Length (in the
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Error, and (d) Directional Error in different Trail Visibility and Tool by
Stroke Length.

range 0-100%). This confirmed that, with visual feedback, the par-
ticipants were able to draw strokes with more precise lengths. The
mean relative length error when drawing with hands is 35.2% (SE
=.045), which is greater than when drawing with a controller (M =
30.3%, SE = .026), but the difference is not statistically significant
(p="12).

As shown in Figure 2(b), Stroke Direction had a significant impact
on length error (F, 46 = 40.1, p < .001). The exhibited trail length
was significantly longer when drawing in the X-axis (M =4.11, SE
=.75), p < .001, and the Y-axis (M = 3.52, SE = 0.73), p < .001
than when drawing in the Z-axis (M = 0.63, SE = 0.76). Significant
differences may come from a more difficult estimation of length and
fatigue when drawing in the Z-axis. Participants pointed out that
the observed length was compressed compared to the actual drawn
length, especially in the Z-axis, which increases the difficulty of
length judgment. As a result, they tended to be conservative in their
movements, resulting in shorter strokes.

From Figure 2(b), when drawing in the X-axis and the Y-axis by
hand, the length error is larger than by the controller, but lower and
closer to 0 when drawing in the Z-axis. This reflects that the control
of length with the bare hand is more unstable and more susceptible
to different directions. As shown in Figure 3(b), the length error
tended to increase with stroke length, except for controller + visible
trails.

3.4.3 Straightness Error

The straightness error was calculated as the average distance of the
points of the exhibited trail from the fitted 3D line (in cm) [36].
This measurement reflects how close the trail is to a straight line.
Figure 2(c) showed the average straightness error under different
conditions. Trail Visibility had a significant impact on the Straight-
ness Error (F 23 = 6.32, p < .05). The straightness error was lower
when trails were visible (M = 0.271, SE = 0.016) than when trails
were invisible (M = 0.30, SE = 0.02). The mean straightness error
when drawing with a hand is 0.31cm (SE = 0.02), which is higher
than the mean of 0.26cm (SE = 0.02) when drawing with a controller,
but the difference is not statistically significant.

As shown in Figure 3(c), the straightness error increased almost
linearly with Stroke Length. This was probably because strokes are
more likely to deviate as the drawing distance increases.

3.4.4 Directional Error

The directional error is the inner angle between the directional vector
of the fitted 3D line and the target Stroke Direction (in the range
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0-90°). This measure reflects the deviation of the exhibited trail’s
direction from the target Stroke Direction. Figure 2(d) showed the
average directional error under different conditions. Trail Visibility

had a significant impact on directional error (Fj 23 = 20.6, p < .001).

The directional error was lower when trails were visible (M = 7.46,

SE = 0.39) than when trails were invisible (M = 8.83, SE = 0.35).

This shows that visual feedback can effectively guide the judgment
of hand movement direction.

The Tool also had a significant effect on the directional error
(F123 =33.7,p < .001). Using a controller (M = 6.83, SE = 0.37)
produces less directional deviation than using a single hand (M =
9.46, SE = 0.44). As shown in Figure 2(d), this difference is mainly
because when drawing in the Y-axis and the Z-axis with hands, the
directional error was significantly larger than when drawing in the
X-axis (F2 46 = 9.32, p < .001), while the directional errors in the
three directions were all similar to the errors in the X-axis with hands
when using the controller. The above results indicate that directional
control with bare hands is significantly more difficult than holding
the controller in both the Y- and Z-axis directions. Participants
compared the differences in the use of controllers and hands: Using
the controller simulates the feeling of holding a pen when drawing
and writing in real life, which is more realistic, and the weight of the
controller makes the movement more stable; when drawing with the
hand, not only is it easier to drift and shake, but it is also more prone
to fatigue. To further analyze the directional bias when drawing
with hand in the Y- and Z-axis, Figure 4 visualizes the trails with
a target stroke length of 30cm and shows the direction deviation
pattern. Specifically, when drawing in the Y-axis, the main offset
direction is near-to-far, and when drawing in the Z-axis, the main
offset direction is bottom-to-up.

In addition, the directional error decreased with the increase of
Stroke Length (Figure 3(d)). Participants reported that the longer the
trail length, the easier it is to visually judge its direction.

4 STUDY 2: EFFECT OF VISUAL REFERENCES
Study 1 showed that visual feedback could significantly improve

participants’ fine motion control ability in linear hand movement.
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In real life, people can also use the size of surrounding objects as
visual references to help improve their input accuracy (e.g., [6, 42]).
It was reported that the quality of the VE’s graphics [35] and the
level of graphical detail provided in a VE [62] affect users’ ability
to accurately judge distance. Some works have also revealed the
difference in distance underestimation in indoor and outdoor envi-
ronments [4, 19, 42]. Therefore, in this study, we asked participants
to perform the same drawing tasks and explored the effect of differ-
ent visual references. In this study, participants drew using only the
controller, and the trails were all visible. Three Stroke Directions
and four Stroke Lengths from Study 1 were preserved.

4.1

We recruited 28 right-handed participants from the campus (15
females, 13 males) with a mean age of 20.8 (SD = 2.2). None
of them participated in Study 1. They reported an average VR
experience of 10.7 hours and 25 of them had used VR for no more
than 6 hours (SD = 38.4, Median = 1.0), and 2 of them had used
VR sketching tools (e.g. Tilt Brush and Gravity Sketch). Each
participant was paid $15. We used the same apparatus as in Study 1.

Participants and Apparatus

4.2 Experiment Design

The goal of this study was to examine the users’ behavioural patterns
during line-drawing tasks with different visual references. As shown
in Figure 5, we constructed 5 different virtual environments with
realistic elements and real-world scales as visual references (We
built the virtual references with resources downloaded from Unity3D
Asset Store!23. ):

e Empty Room (see Figure 5(a)): the same simplified room as
the one used in Study 1.

Cluttered Indoor (see Figure 5(b)): a 10mx7m library with
a 4m high ceiling, bookshelves along both sides of the room,
3 sofas, and desks with laptops. One side of the room was
the fireplace, and the other side was glass facing a yard. In
the experiment, participants were placed in the library by the
fireplace, next to two couches, and facing the glass.

Cluttered Outdoor (see Figure 5(c)): an intersection with trees
and buildings on either side of the road. Participants were
placed in the center of the intersection, facing a zebra crossing
and a stationary car.

* Empty Desktop (see Figure 5(d)): a virtual empty glass desktop
in the same room as an empty room. The length, width, and
height of the desktop were 2m, 1m, and 0.7m.

Cluttered Desktop (see Figure 5(ef)): a virtual cluttered desk-
top with common office items such as pens, coffee cups, mo-
bile phones, ID cards, folders, laptops, etc. The room and the
desktop were the same as the Empty Desktop.

We used a within-subject design with three factors: Visual Ref-
erence (Empty Room, Cluttered Indoor, Cluttered Outdoor, Empty
Desktop, and Cluttered Desktop), Stroke Direction (X-axis, Y-axis,
and Z-axis), and Stroke Length (5cm, 10cm, 20cm, 30cm). Noted
that only the directions in the X-axis and Z-axis were preserved
when drawing on empty and cluttered desktops to simulate the real
experience of drawing on the desktop.

Uhttps://assetstore.unity.com/packages/3d/environments/urban/library-
interior-archviz-160154; retrieved 2022-10-11

Zhttps://assetstore.unity.com/packages/3d/environments/urban/street-
new-york-183319; retrieved 2022-10-11

3https://assetstore.unity.com/packages/3d/props/interior/office-
propspack-44111; retrieved 2022-10-11
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Figure 5: Visual references used in Study 2: (a) an empty room, (b)
a cluttered indoor environment, (c) a cluttered outdoor environment,
(d) an empty desktop, and (e) a cluttered desktop. (f) The top view of
the cluttered desktop. Red arrows indicate the start position and two
directions (the X- and Z-axis) when drawing on the desktop.

4.3 Procedure

Before the experiment, a 3-minute warm-up session was arranged to
help participants familiarize themselves with the interaction. They
then completed five sessions of line-drawing tasks in random order,
each corresponding to a visual reference scenario. Each session
contained 8 blocks of tasks, corresponding to different combinations
of Direction and Length, in random order. In each block, the par-
ticipants completed the drawing task three times repeatedly. The
experimental platform was the same as in Study 1, except that we
provided virtual indoor and outdoor environments and tables as vi-
sual references. Participants were asked to “draw a straight line with
the specified length and direction as accurately as possible”. They
sat in a chair in the Empty Desktop and Cluttered Desktop sessions
and stood still in the other three sessions. After the experiment, we
used a questionnaire to collect their subjective ratings.

4.4 Results

In total, we collected (3scenarios x 3 direction + 2scenarios X
2direction) x 4 length X 3 reps x 28 participants = 4,368 strokes.
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Figure 6(a) showed the average drawing speed under different condi-
tions. Visual Reference produced a significant effect on the drawing
speed (F32.590 = 10.8,p < .001). Compared with drawing in an
empty room (M = 10.53, SE = 1.29), participants drew slower when
both drawing on an empty desktop (M = 8.27, SE = 1.04), p < .01,
and cluttered desktop (M =7.63, SE = 0.78), p < .001. However,
drawing speeds in cluttered indoor (M = 10.50, SE = 1.43) and
cluttered outdoor (M = 10.31, SE = 1.38) environments were very
close to drawing in the empty room. Moreover, the speeds of draw-
ing on an empty desktop and a cluttered desktop had no noticeable
difference. The slower drawing on the desktop may be because
participants need to draw more slowly to make the trails fit the
desktop surface without tactile feedback. Consistent with Study
1, Stroke Direction had a significant impact on the drawing speed
(F254 = 19.2, p < .001), and the drawing speed in the X-axis (M =
10.1, SE = 1.1) was higher than in the Z-axis (M = 8.8, SE = 1.2),
p < .001.

Drawing Speed

4.4.2 Length Error

Figure 6(b) showed the average length error for different condi-
tions. Visual Reference produced a significant effect on length error
(F2.9,77.1 = 12.6, p < .001). Post-hoc pairwise comparison showed
that the length error was significantly lower when both drawing on
an empty desktop (M = 0.37, SE = 0.62), p < .001, and cluttered
desktop (M =-0.31, SE =0.57), p < .001, than an empty room (M =
2.42, SE = 0.76). There was also a noticeable difference in relative
length error (F> 4 65.4 = 7.21, p < .001). Compared with drawing in
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Figure 6: Main effects of Visual Reference for (a) Drawing Speed, (b)
Length Error, (c) Straightness Error, and (d) Directional Error. Error
bars indicate the SE.

an empty room (M = 32.0%, SE = 0.04), both drawing on an empty
desktop (M = 24.8%, SE = 0.02), p < .05, and cluttered desktop
(M =22.0%, SE = 0.02), p < .05, produced less relative length
error. However, cluttered indoor and outdoor environments were not
significantly different from an empty room in terms of length error
and relative length error. Although it appears from Figure 6(b) that
the length error is smaller when drawing on a cluttered desktop than
on an empty desktop, the difference is not statistically significant.
While drawing on the desktop, on the one hand, the desktop served
as a spatial reference, and on the other hand, participants needed to
remain attentive and careful to keep the trail aligned with the virtual
surface of the desktop (which was confirmed by the slower speed).
As aresult, they were able to judge stroke length more accurately.
Consistent with Study 1, Stroke Direction had a significant impact
on the length error (F 27 = 28.9, p < .001), and the exhibited trail
length was significantly longer when drawing in the X-axis (M =
2.41, SE = 0.62) than in the Z-axis (M = 0.05, SE = 0.74), p < .001.

4.4.3 Straightness Error

Figure 6(c) showed the average straightness error under different
conditions. Visual Reference had a noticeable effect on straightness
error (I 5683 = 7.83,p < .001). Post-hoc pairwise comparison
showed that the straightness error was significantly lower when
both drawing on an empty desktop (M = 0.22, SE =0.01), p < .05,
and cluttered desktop (M = 0.21, SE = 0.01), p < .001, than an
empty room (M = 0.24, SE = 0.01). However, cluttered indoor (M =
0.24, SE = 0.01) and outdoor (M = 0.25, SE = 0.01) environments
had no significant difference with an empty room in straightness
error. There was also no significant impact between the two types
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Figure 7: Main effects of Visual Reference on participants’ subjective
scores. Error bars indicate the SE.

of desktops. We hypothesized that the desktop could be used as
a reference to help judge stroke straightness, helping participants
make their strokes more straight.

4.4.4 Directional Error

Figure 6(d) showed the average directional error under different
conditions. Visual Reference did not have a notable impact on
Directional Error (p = .54). However, contrary to some participants’
claims that cluttered objects on the desktop served as directional
references, it can be seen from the figure that the directional error is
smaller when drawing on an empty desktop than when drawing on
a cluttered desktop, which may be because objects on the desktop
can attract participants’ attention and thus interfere with direction
judgment.

4.45 Subjective scores

Participants were asked to complete a scale with a full score of
100 after the experiments. On the scale, participants assessed five
Visual Reference from three dimensions of Comfort Level, Perceived
Length Accuracy, and Perceived Straightness. A brief interview was
also conducted.

Participants’ subjective ratings varied with quantitative measures.
Figure 7 shows the participants’ subjective scores. They rated only
the cluttered desktop significantly higher than the empty room in
all three dimensions: Comfort Level (p < .001), Perceived Length
Accuracy (p < .01), and Perceived Straightness (p < .01). Partici-
pants noted that desktop objects provided spatial reference and also
increased realism and immersion.

Participants also noted that objects in cluttered indoor and out-
door scenes were far away, making it difficult to use as a spatial
reference. However, participants rated that drawing in a cluttered
indoor environment was more comfortable (p < .01) because it was
more similar to the real drawing environment.

5 STUDY 3: INTERACTION BEHAVIOR IN REAL TASKS

Study 3 is to verify that the findings of visual reference based on the
spatial line-drawing tasks in Study 2 can be applied to other practical
tasks in virtual environments. We asked the participants to perform
two basic interactions in VR, including dragging mid-air objects and
creating 3D shapes. The five visual references tested in this study
were the same as in Study 2, but the participants’ hand trajectories
were not visible while dragging and scaling. 3 Stroke Direction and
4 Stroke Length from Study 1 and 2 were retained, but no repetition
was required in this study.

5.1

We recruited a total of 8 participants from the campus (3 females,
5 males) with ages ranging from 19 to 24 (M=21.5, SD=2.0). No
participants were replicated with Study 1 and 2. All participants

Participants and Apparatus
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were right-handed. Participants reported an average experience with
VR of 9.33 hours and 6 of them had used VR for no more than 3
hours (SD=20.76, median=0.8), but none had used VR sketching
tools (e.g. Tilt Brush, Gravity Sketch). Participants were paid $15.
The experimental apparatus is the same as Study 1 and 2.

For objects participants need to drag, we used prefabs with real-
world scales from 2 assets that were downloaded from the Unity3D
Asset Store®’.

5.2 Experiment Design

The experiment consists of two stages, corresponding to the Drag-
ging and Scaling tasks in VR. As shown in Figure 8, each task
contains two subtasks, which are to manipulate flat objects and solid
objects, corresponding to the two most common object types in the
virtual environment. We used the following within-subject designs:

* Dragging: Participants were asked to move two types of ob-
jects a specified distance in a specified direction: a plane-like
object (a card, see Figure 8(a)) and a solid object (a can, see
Figure 8(b)). The dragging task was designed with four factors:
Subtask (Dragging a card with the real size vs. Dragging a
can with the real size), Visual Reference, Direction (The X-,
Y-, and Z-axis), and Length (5cm, 10cm, 20cm, and 30cm).
When the participant placed the cursor on the object, the object
would emit a red light to indicate that the participant’s brush
and the object were in contact. Then the participant held the
trigger to drag the object to move the specified Length in the
specified Direction and released the trigger to complete.

Scaling: Participants were asked to create the two types of
objects with a specified side length by scaling: a plane-like
object (a square, see Figure 8(c)) and a solid object (a cube,
see Figure 8(d)). The scaling task was designed with three
factors: Subtask (Scaling a square vs. Scaling a cube), Visual
Reference, and Length (5cm, 10cm, 20cm, and 30cm). Par-
ticipants pressed the trigger and moved the controller in any
direction to scale the shape until they thought the side length
of the shape was the same as the target Length and released the
trigger to complete.

e
Moved
position

Original
position

(a) Dragging a Card (b) Dragging a Can

Length of side

(c) Scaling a Square (d) Scaling a Cube

Figure 8: Four different real tasks were evaluated in Study 3.

“https://assetstore.unity.com/packages/3d/props/playing-cards-pack-
21876; retrieved 2022-10-11

Shttps://assetstore.unity.com/packages/3d/props/soda-can-201045; re-
trieved 2022-10-11
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5.3 Procedure

Before the experiment, a 3-minute warm-up session was also ar-
ranged to help the participants familiarize themselves with different
lengths. Participants were also provided with a real card and a real
can to familiarize themselves with the scales of the object. They
then completed two stages, each containing five sessions (each cor-
responding to a visual reference) of real tasks in random order. Each
session contained 8-12 blocks of tasks, corresponding to different
combinations of Direction and Length, in random order. No rep-
etition was required in this study. Participants took forced breaks
between sessions and experimented in a single session lasting 30-45
minutes.

5.4 Results

In total, for the Dragging task, we collected 2 subtask X
(3 scenarios x 3 direction + 2 scenarios x 2 direction) x 4 length x
8 participants = 832 operations, and for the Scaling task, we col-
lected 2 subtask x 5 scenarios x 4 length x 8 participants = 320 op-
erations.

5.4.1 Speed

In both tasks, speed is defined as the controller’s displacement in
completing the task divided by the task execution time, which is
similar to the Drawing Speed. Figure 9(a) showed the average speed
influenced by visual references under different tasks. Although not
statistically significant for dragging (p = .12) and scaling (p = .71)
tasks, it can still be seen that the speed of performing all tasks
is reduced on desktops compared to in the empty room, which is
consistent with drawing lines. Dragging and scaling tasks on the
desktop are more time-consuming, perhaps due to the need to align
the movement with the virtual surface.

For scaling tasks, from Figure 9, the speed of both scaling tasks is
reduced in cluttered indoor and outdoor environments, which may be
because the complex background affects the size judgment of shapes.
And as with drawing strokes, the clutter of the desktop did not affect
the speed of the tasks. The speeds of the two subtasks of scaling
had no significant difference (p = .32). However, for dragging
tasks, dragging a card was significantly slower than dragging a can
(F17 =16.7, p < .01), perhaps because picking and moving a thin
card is more difficult than a can with three-dimensional volume.

5.4.2 Length Error

Figure 9(b) showed the length error affected by visual references
under different tasks. For dragging tasks, Visual Reference yielded a
significant effect on length error (F4 28 = 3.16, p < .05). The length
error was lower when dragging on an empty desktop (M = 1.81, SE
=0.79) and cluttered desktop (M = 1.35, SE =0.79) than an empty
room (M = 3.42, SE = 1.02). This shows that similar to drawing
lines, the actual distance dragged by participants is often longer
than the target distance, and a virtual desktop can also serve as a
visual reference and reduce the length error. Moreover, Subtask also
had a significant effect (F; 7 = 19.6, p < .01), and the length error
when dragging a can (M = 3.13, SE = 0.87) was much higher than
dragging a card (M = 1.70, SE = 0.72). This may be because the can
has a three-dimensional volume compared to the flat card, which
makes it appear larger and harder to identify its boundaries, which
disrupts the judgment of drag distance. We speculate that showing
movement trajectories when dragging may help participants visually
judge the dragging distance more accurately.

Figure 10(a) shows the length error in three directions for drag-
ging tasks. Consistent with the findings of Study 2, Stroke Direction
had a significant effect on the length error (F; 7 = 8.18,p < .05),
and the exhibited drag distance was significantly longer than the
target distance when dragging in the X-axis (M = 3.50, SE = 0.91),
but only slightly longer when dragging in the Z-axis (M = 1.33, SE
=0.82).
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Figure 9: Main effects of Visual Reference for (a) Speed and (b)
Length Error under different tasks. Error bars indicate the SE.

For scaling tasks, although there was no significant effect on the
length error, Visual Reference produced a significant effect on the
relative length error (the absolute value of the length error divided
by the target) (F3 23 = 2.93, p < .05). Compared with scaling in an
empty room (M =0.20, SE =0.03), both scaling on an empty desktop
(M =0.15, SE = 0.02) and cluttered desktop (M =0.16, SE = 0.03)
produced less relative length error. It is worth noting that the scaling
task exhibits a distinct pattern from the stroke drawing and dragging
tasks. Participants typically created shapes with sides shorter than
the target length, rather than longer like drawn lines. This may be
due to different tasks: the visual feedback of created shapes and
drawn strokes is different, which deserves further investigation in the
future. The two scaling subtasks also showed significant differences
in the length error (F17 = 16.7, p < .01). The length error in scaling
cubes (M =-1.49, SE = 0.50) was much lower than in scaling squares
(M =0.21, SE = 0.77) Maybe it’s because, for squares and cubes
with the same side lengths, the cube appears to have longer side
lengths.

5.4.3 Straightness Error

Since the scaling task did not specify the direction of movement,
here we only discuss the straightness error of the dragging task.
Unlike the phenomenon that virtual desktops can significantly reduce
straightness errors in stroke drawing, different visual references
had no significant effect on motion straightness in dragging tasks
(p =.11). This can be attributed to differences in line-drawing tasks
versus dragging tasks. When drawing lines, participants were able
to directly observe the straightness of the lines, while participants in
the dragging task had no visual feedback on the movement trajectory.
Visible motion trajectories may be effective in reducing straightness
eITorS.

5.4.4 Directional Error

Here we also discuss the directional error of the dragging task.
Figure 10(b) showed the average directional error under different
conditions. Consistent with the findings of Study 2, Visual Reference
did not have a significant impact on Directional Error (p = .22), but
the figure shows that the directional error is smaller when dragging
in the X-axis (M = 3.87, SE = 0.38) than dragging in the Z-axis (M
=4.95, SE = 0.56).
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6 DiIscussION
6.1 The Pattern of Linear Hand Movement in VR

Taking the findings of the three studies together, we summarize the
linear hand movement patterns as follows. In line with the results of
behavioural research [14, 46], the performance gain of the displayed
trails proved that, in the process of vision and proprioceptive coop-
eration to complete motor control, vision can effectively perceive
hand movement deviation and guide behavioural adjustment. The
high speed when the trails were invisible also confirms the efficiency
of proprioceptive perception [67]. Users generally move longer
than the target length in the X- and Y-axis directions. This may
be because the user underestimated the length of the trail, which
is consistent with the general underestimation of size and distance
in VEs in the literature [31, 51, 56]. However, the length error in
the Z-axis direction is significantly smaller. This may be explained
by the fact that in the competition between visual bias (making the
movement distance longer) and unnatural movement and perspective
(making the movement distance shorter), the latter prevailed.

The consistency of most of the findings among the three studies
demonstrates the generalizability of the findings. In all three studies,
smaller error values in speed and length in the Z-axis direction were
repeated. The slower speed and smaller length error when drawing
on the desktop found in Study 2 were also verified in Study 3. Inter-
estingly, in Study 3, compared to the stroke drawing and dragging
tasks, scaling exhibited completely different characteristics in terms
of length error (with negative values), and significant differences in
length error also appeared between subtasks. Both indicate that the
task itself is also an important factor affecting the hand movement
pattern, which we leave to future exploration.

6.2 Design Implications

Based on the experimental results and user preferences, we make
the following recommendations for hand movement-based VR ap-
plications.

For applications that require the user to carefully control hand
movements, we recommend showing the hand trajectory to improve
movement control accuracy, although this may slow down move-
ments. Although hand movement in the Z-axis shows a small length
error, due to the slower speed and poor user feedback, we recom-
mend careful consideration of hand movement in this direction.
Specifically, in applications where length error is less important,
Z-axis movement should be minimized from a user experience per-
spective.
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In applications that require fine-grained control of the distance and
direction of motion, we recommend the availability of virtual planes
or grids [6] as visual references. Due to the accumulation of length
and straightness errors that increase with movement distance, we
recommend controlling the movement distance within an appropriate
range based on the application’s tolerance for motion errors. While
hand tracking [47] and controller-free interactions [43] have become
popular in VR, weaknesses in directional control accuracy and user
preference make the bare hand an unfavourable tool for fine hand
movement control.

7 LIMITATION AND FUTURE WORKS

Due to experimental conditions, our study tested only one VR head-
set, and all participants were right-handed, which was insufficient to
cover all real-world situations. In order to control the total duration
of the experiment and avoid participant fatigue (the duration of our
experiments ranged from 45 minutes to 1 hour), the number of repe-
titions we set is relatively low considering the number of conditions
and the number of variables in the comparison. However, in order
to ensure the quality of our data, we designed practice sessions to
help participants become sufficiently familiar with the operations
and tasks. In addition, we have recruited enough participants (60 in
total) that we believe our data volume is sufficient.

The scenario we are targeting is precision-first 3D applications in
virtual reality. Therefore, our guidance for participants is to draw as
accurately and straight as possible, without requirements on speed.
Therefore, the analysis of speed is beyond our scope. However,
for the sake of the completeness of the reported results, we also
report these results truthfully. Past studies have followed a similar
research paradigm [15, 67]. We leave a more rigorous study of hand
movement speed for future work.

The visual references in our research involved only the cluttered
environment and desktops. However, some studies show that cues
embodied in Social VR [16] and the scale of the self-avatar [47]
affect the perception of distance and size. It is noted that the size of
one’s virtual hand directly influences estimations of virtual object
size in VR [37]. For future work, more visual references, such as the
effect of self-avatar scale on hand linear motion control, are worth
further exploration. In addition, for the extended movement distance
found in our results, interactive techniques and interfaces can be
designed for error correction to improve human performance in prac-
tical tasks. For example, recent work has found that the appended
virtual body parts mimicking real body parts can provide spatial
reference to virtual targets [58]. We need more similar technologies
to help people build accurate spatial perception.

8 CONCLUSION

In this paper, we systematically examined the user’s fine motor con-
trol ability of linear hand movement in VR with three user studies.
In Study 1, we examined the participants’ behavioural patterns when
drawing straight lines in various directions and lengths, and carefully
investigated the factors such as trail visibility and drawing tools. We
found that the exhibited stroke length tended to be longer than per-
ceived, while displaying the trails could help increase the accuracy
but reduce speed. In Study 2, we further assessed the influence of
various visual references and found that the mere existence of a
virtual desktop resulted in higher input accuracy and user preference.
In Study 3, we verified the generalizability of the findings in real
dragging and scaling tasks. Finally, we distilled our findings into
design implications for hand interactions in VR.
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