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Abstract—Precision manipulation, or moving small objects held
in the fingertips, is likely the most heavily utilized class of dexterous
within-hand manipulation and adds greatly to the capabilities of
the human hand. This article focuses on studying the effects of
varying the number of digits used on the resulting manipulation
abilities, in terms of translational workspaces and rotational
ranges, by manipulating two circular objects, 50 mm and 80 mm
in diameter. In general, as the number of digits in contact with
the object increases, the results show a significant reduction in
precision manipulation workspace range for four of the six
translation and rotation directions and no significant change in the
other two, suggesting that for these particular metrics, more fingers
result in a reduction in performance. Furthermore, while two digits
results in the largest workspaces for five of the six translation and
rotation axes, the lack of ability to control rotation in the distal-
proximal direction suggests that three digits may be more desirable
for overall precisionmanipulation dexterity.

Index Terms—Dexterous manipulation, human hands.

I. INTRODUCTION

THE dexterity of the human hand is second to none, but the

specific arrangement of a thumb and four fingers derives

from constraints inherent within human evolutionary history and

has not arrived at a globally optimal configuration. However, the

development of artificial hands, such as within the robotics and

prosthetics research communities, is not bound by the constraints

of evolution or biology (although engineered systems have their

own challenging limitations). Andwhile an anthropomorphic con-

figuration has certain benefits related to the “look” of an artificial

hand, there are a number of reasons to consider alternative config-

urations, especially for options withmuch lowermechanical com-

plexity – the human hand has at least 21 controllable degrees of

freedom, at least 18 joints (almost all of which are multi-DOF,

either active or passive), an incredibly complex tendon array to

transmit actuation primarily from the forearm, and tens of thou-

sands of sensors - all making it essentially impossible and cer-

tainly impractical to replicate in a robotic or prosthetic hand.

As an exercise to help lend insight into the tradeoffs of the

anthropomorphic hand configuration, as well as an interesting

line of investigation in its own right, we are undertaking a

number of efforts to quantify human hand performance during

functional tasks. In this paper, we seek to examine one key

aspect of that question by investigating the role of number of

digits on the ability of human subjects to translate and rotate

objects held between the fingertips (Fig. 1 shows an example

of this motion). This type of dexterous within-hand manipula-

tion is often referred to as “precision manipulation”, and is

perhaps the most heavily utilized and important mode of

within-hand manipulation [1]. These movements are utilized

to accomplish daily tasks such as picking up small objects off

of surfaces, fine motions for alignment and insertion (e.g.

keys), tipping cups for drinking, using cutlery such as cutting

with a knife, writing, and many others.

In general, within-hand manipulation capabilities greatly

add to the functionality of the human upper extremity,

increasing precision and reducing the energy requirement

compared to using the whole arm, allowing movements in

constrained spaces, and adding to the total usable transla-

tional and rotational range of grasped objects. Aside from

the previously mentioned applications inspiring robotic and

prosthetic hand designs, we believe this work has applica-

tions in hand functional evaluation for rehabilitation (sug-

gesting a potential methodology and presenting normative

results), in providing a performance comparison to help

benchmark the function of artificial hands against human

capabilities insight for anthropology in terms of the evolu-

tion of human manual dexterity [2], and in primatology as a

human baseline for comparison of primate manipulative

capabilities [3], among others. Facilitating benchmarking for

the robotics and prosthetics research communities, as the

workspace sizes, shapes, and positions/orientations can serve

as a comparison point for both anthropomorphic and non-

anthropomorphic hand designs [4]–[10].

Analyzing human precision manipulation capabilities (i.e.

grasped in the fingertips) can help provide benchmarks and

inspiration for prosthetic and robotic hand design [11]–[15]. For

hand rehabilitation it enables the pinpointing of critical move-

ments that are important for normal hand function [16]. Haptic

interfaces, such as those used in surgical robots [17], will also

profit as human capabilities and behaviors are better understood.

The work also will allow designers to align the workspace of

their devices to the human dexterous workspace, improving
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overall performance [18]. This work can also provide insight

into the number of digits that should be used for such a device.

We particularly focus this work on quantifying the range of

motion and principle movement directions for rotation and

translation of two sizes of disk objects grasped in the fingertips

using two to five digits (Fig. 2). The presented work signifi-

cantly extends the authors’ preliminary work presented at the

IEEE EMBC conference [19], [20], with a greatly expanded

range of conditions and analysis for both the translational and

rotational workspaces as well as a new look into the differences

between them. We begin with a more thorough description of

how this work fits within related work in the literature

(section II), and then describe our experimental methodology

(section III). We then present the experimental results

(section IV) and a discussion of their interpretation (section V),

ending with conclusions and future work (section VI).

II. BACKGROUND

Few existing works have quantitatively examined human

hand functional capabilities. Of these, the majority have

examined grasping function, in which the hand is largely

static after acquiring the object (e.g. [12], [13]). Even less

attention has been given to hand function involving manipula-

tion of grasped objects within the hand, generally referred to

as in-hand manipulation or within-hand manipulation [1].

This functionality essentially differentiates human dexterous

capabilities from that of other species, and is also more chal-

lenging to execute in robotic or prosthetic systems.

Prior research has focused on examining the positional

workspace of human hands, in particular of the thumb and

index finger. Approaches to determining the thumb-index

workspaces included intersecting the free motion workspaces

of thumb and index finger [21] and fit shapes into the work-

space [22]. Previous work from the authors has analyzed over-

all workspace shape and size for two or three digits [11], with

this study extending previous work by considering multiple

object sizes and the effect of using four and five digits during

manipulation. In particular it also analyzes the shape of those

translational workspaces and provides insights for how the

object is actually rotated. It should be noted that the existing

literature studying fingertip forces, such as to better under-

stand motor control or finger dynamics [23], is much more

extensive than the kinematic approach taken in this work – for

a review of the force-centric approach see [24], [25].

It has been shown that the number of digits used changes

with the size and mass of the object [26], [27]. In that respect,

adding more fingers increases the hands’ ability to resist forces

and grasp larger objects. Also, the individual contact forces

are regulated with the goal to minimize the overall force,

while maintaining stability [28]. In a five digit grasp, the

forces of the individual digits are different, contributing to

shear and normal forces in different amounts. Our research

adds to this existing knowledge of how the number of digits

affects capabilities of a hand.

III. METHODS

Unimpaired human participants used their fingertips to

manipulate objects of different sizes with a varying number of

digits. If the standard numbering of the thumb, index, middle,

ring, and pinky fingers as digits 1, 2, 3, 4, and 5 respectively is

used, then the n-finger case involves using digits 1 through n.

For example, the two-digit case involves using digits 1 to 2, or

the thumb and the index finger. A magnetic tracker sensor in

the object records workspace and angle points relative to a ref-

erence frame sensor on the back of the participant’s hand

(Fig. 2, with coordinate frame shown in 2b). Subjects were

instructed to either move the object within their hand to

explore the translation workspace or rotate the object back

and forth while exploring their rotational range around a par-

ticular axis. The study was approved by the local IRB, and all

participants were individually consented and financially com-

pensated for participation.

A. Participants

16 participants (11 female, 5 male) completed the transla-

tional tasks and 17 participants (7 female, 10 male) completed

the rotational tasks using circular objects of sizes 50 mm and

80 mm in diameter (Fig. 1). Participants had a median hand

length, measured from wrist crease to middle fingertip, of 17.8

and 18.1 cm, respectively. The experimental setup required

right-handed subjects, and any participants with significant

prior hand or wrist injuries were excluded. Members of the

authors’ research group were also excluded from participation.

B. Equipment

A magnetic tracking system with 1.4 mm RMS positional

accuracy and 0.5� RMS angular accuracy was used to measure

object position and angle relative to a hand reference frame

(trackSTAR system, Ascension Technologies, Burlington VT).

A medium range transmitter (MRT) and ruggedized MODEL

180 2 mm diameter cylindrical sensors were used. Each sensor

provides full 6 DOF data (x, y, and z position and rotation

Fig. 1. In this article within-hand manipulation motions are considered,
where an object is repositioned in the hand, without changing the contact loca-
tion of the object. As indicated in the figure, the global position of the hand is
not changed, all motion is evoked by finger movement.
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matrix) at 80 Hz. One sensor is fixed in the object using a nylon

setscrew, and a reference frame sensor is placed in a small rub-

ber sleeve and adhered to the back of the hand (along the 4th

metacarpal) using Top Stick Men’s Grooming Tape.

Fig. 2 shows the object and the configuration of the digit

contact pins. Two object sizes and four finger conditions were

used for this experiment. The objects, including contact pin

length, are either 50 mm or 80 mm in diameter. The contact

points are at 40� spacing for the fingers, matching the natural

finger spacing observed in [29]. For each object diameter, an

“odd” (3 and 5 digit) and “even” (2 and 4 digit) object variant

are used, to ensure that the fingers directly oppose the thumb

regardless of the number of fingers used. The 50 mm object

mass is 4.1 g for the 2 and 4 digit version and 4.3 g for the 3

and 5 digit version. The 80 mm object has a mass of 8.9 g for

the 2 and 4 finger version and 9.2 g for the 3 and 5 digit ver-

sion. All objects use 4-40 nylon screws for the digit contact

points, with 2.6 mm outer diameter, to provide “pointed” con-

tact locations. Using a small contact diameter, the finger-

object contact is similar to a point contact, preventing rolling.

Slippage, however, cannot be completely prevented and can

still occur. Objects are entirely plastic to prevent any interfer-

ence with the magnetic tracker measurements.

A 27-inch (68.5 cm diagonal) LCD monitor 1.5 m in front of

the experimental table provides visual feedback to participants.

For the translational trials this screen displays the 3D object

workspace in three orthogonal views aligned with the anatomi-

cal hand axes, as well as one perspective view (Fig. 3). The

goal of the participant is to expand and fill the volume as much

as possible, without breaking the contact on the fingertips. For

the rotational trials the top part of the screen shows an image

indicating the particular rotation axis for a particular trial. The

bottom part shows a red dot representing the current rotation,

while a white vertical line represents the zero angle position

(Fig. 3, bottom). Depending on the trial, the subject had to

rotate the object around one of the major axes (Fig. 4). It is

important to note that the screen provides only feedback on the

projected rotation around the goal axes, therefore rotating the

object around axes other than the requested on will not provide

significant rotations (see section III. F for details). We deliber-

ately chose not to show information regarding previously

Fig. 2. a) Sample trial of the five digit case with the 50mm object. The object sensor is placed in the center of the object and the fingertips are used to grasp the five
pointed contact locations of the object. b) The hand in the calibration setup, including the reference frames. This step is important as it defines the rotational axes. c)
The four objects used in this article and their properties. The small objects have a diameter of 50mm (including the screw lengths), whereas the large object is 80mm.

Fig. 3. Visual feedback setup. A 27” monitor 1.5 m in front of the experi-
mental table is used for feedback. a) For the translational study the workspace
explored is shown to the participants in four different views—in three planes
aligned with the hand axes, and one perspective view. (The text labels are
shown here for explanatory purposes – no text was displayed during the
study.) b) For the rotational study the top image on the feedback screen indi-
cates the rotation the subject is supposed to perform during the experiment.
The red dot indicates the current rotation around the given axis and the white
line indicates zero. The subject is asked to move the point left and right by
rotating the object.
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explored rotational range (e.g. showing the highest achieved

rotation so far in this trial), as this might have introduced a bias

into our analysis. Not providing them any clues on their previ-

ous rotations allowed the participants to focus on exploring

their actual kinematic limits.

The trakSTAR control and recordings were operated using

Matlab R2014b on a Windows 7 operating system. Data man-

agement and statistical calculations were performed using

Matlab R2019b.

C. Procedure

First, subjects were introduced to our experiment and the

motions that we were interested in, translational or rotational.

For those subjects undergoing the rotational trials, we showed

sample videos of rotations around the three axes and explained

the motions of the three different rotation conditions (see

Fig. 4) for clarity. Then the hand proportions were measured

while the hand laid flat on the table, including hand length

(measured from the base of the hand near a wrist crease to the

top of the middle finger) and hand width (measured between

the two sides of the hand near the bases of the index finger and

pinky). Afterwards the trakSTAR sensors were attached to the

hand to track finger movements, as shown in Fig. 2. Double

sided tape (Vapon Topstick Men’s Grooming Tape) was put

onto the nail and the sensor was placed on it. Then 3M Trans-

poreTM tape was placed on top of the sensor to further secure

it. The reference sensor (Fig. 2), on the back of the hand was

inserted into 1.5x1.5x0.3 cm rubber sleeve that was secured to

the back of the hand with Vapon Topstick Men’s Grooming

Tape. Additionally, 3M TransporeTM was put on top of the

sleeve and about 1 cm of cable. The cables coming from the

hand were fixated to the arm with loop straps and the cable

was draped over the participant’s shoulder, providing strain

relief. The cable length was adjusted to prevent pulling on the

sensors when closing the hand and to preclude the excess

cable from interfering.

The object sensor was placed into a correctly spaced hole in

the center of the object and was secured with a set screw. The

object had to be changed depending on the trial, thus we

ensured that the sensor was removable.

Two object sizes and (50 and 80 mm in diameter) and four

digit conditions (2, 3, 4, and 5 digits) are used with two trials

each. This totaled to 16 trials per person for the translation

tasks. For the rotation tasks, subjects had to rotate the object

about each of the orthogonal hand axes, leading to a total of

48 trials (3 rotation directions). During the trials, participants

rest their hand on a flat surface with the back of their forearm

and hand straightened against an alignment guide edge raised

6 mm above the table surface.

The translation task trials were organized in a randomized

order, where each trial was repeated twice in succession. Partic-

ipants are instructed to move the object in the fingertips and

trace out as much area as possible on themonitor, thus exploring

their manipulation workspace. They are instructed to minimize

wrist movement, but small wrist movements are permissible

since all object motions are referenced relative to a base sensor

on the back of the hand. Before the actual trial, there was a train-

ing period where subjects could familiarize themselves with the

particular trial condition and practice moving the object. Trials

in which the object is dropped (6% of trials) are removed from

the data for final analysis. These occasional drops show that

maintaining stable object contact for a full two minute trial

without external adjustments can be difficult.

The rotation task trials on the other hand were only 30 sec-

onds in length with 10 seconds of rest in between and trials

where drops or repositions occurred were not removed from

the final analysis. This portion of the experiment was struc-

tured in two parts, where each part contains all 24 conditions

in random order. To simplify the experiment, the three rota-

tion conditions for a particular digit count and object size

combination were done in one block, reducing the number of

object changes. Prior to each block of 3 rotation trials there

was a training period where subjects could familiarize them-

selves with the particular condition and practice rotating the

object. On screen feedback was provided for all three rotations

simultaneously during training. The subjects indicated when

they were ready to start the experiment. Then the hand and

object were calibrated for the three subsequent trials. The sub-

jects were instructed to maintain contact between the ulnar

Fig. 4. Images indicating the three rotation directions that were used in this
study. For each rotation two images (left and right) are given, indicating
roughly the two extreme conditions of the motion. Note that the exact axis of
rotation is defined by the coordinate frame established by the reference sensor.
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side of the hand and the table to reduce skin motion under the

reference sensor.

D. Object size normalization

We anticipate that most effects of interest will scale with

the size of the hand, as it is has been shown to highly correlate

with other physical features [30]. In our case, we expect that

the size of the object relative to the size of the hand will better

define how it is manipulated than the absolute size of the

object. It is also important to include relative object size as a

covariate in the analysis since we could not control for hand

size during the experiment. Obtaining the relative object size

can be done by dividing the object length (or diameter) by

either the hand length or width, which results in a variable rep-

resenting the size of the object as a percent of the hand dimen-

sion. Thus, prior to calculating the relative object size, we first

identified which hand dimension had a significant effect on

the translation and rotation workspaces. By using relative

object size as a variable, we are able to observe its effect on

the volume without having to scale the volume for a cross sub-

ject analysis. Same is true for rotation amplitudes, where the

hand size provides no direct scaling factor.

E. Volume Calculation

Workspace volumes are calculated using a voxel binning

method, as in [11]. Specifically, the object workspace points are

binned into a three dimensional grid of voxels with 2.15 mm

length for each edge of the voxel cube, the edge length used in

[11] is maintained. The overall volume is calculated as the sum

of the voxel volumes that contain at least one data point.

F. Rotation Angle Calculation

The output from the trakSTAR is a 3x3 rotation matrix r
that encodes the orientation of the object with respect to the

hand coordinate frame. Based on this information, the orienta-

tion of the object with the three global coordinate axes is

sought. We use an X-Y-Z fixed angle representation, a particu-

lar three-angle representation [31] ofXðcÞ, Y ðuÞ, ZðfÞ:

u ¼ atan2 �r31;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r211 þ r221

q� �

c ¼ atan2
r21
cos u

;
r11
cos u

� �

f ¼ atan2
r32
cos u

;
r33
cos u

� �

For the X and Z rotation, the rotation angle can be between

�180 degrees and for Y the rotation � 90 degrees to give the

correct rotation. Angles beyond that either jump by 360 degrees

(X, Z) or jump to a different solution (Y). Tests with simulated

data confirmed that this representation allows the extraction of

the three global rotation angles (see verification in Fig. A1 in

Appendix). A rotation matrix is created by multiplying together

individual rotation matrices along X, Y, and Z axes. To test for

robustness of the angle calculation, the direction along which

the rotation is measured (primary rotation) is kept the same

while the two other rotations (secondary rotations) are given

random noise. The extracted X, Y, and Z axis rotations from

each rotation trial can be seen in Fig. A1. For each angle (from

-180 to 180 degrees in 6 degrees steps) this is repeated 1000

times and the 90th percentile is used as error representation.

Even when there is a noise of up to�40 degrees, the estimation

still works reliably, however the ranges that return meaningful

data are reduced. The error magnitude in the primary rotation is

always smaller than the amount of noise in the secondary

rotations.

In the two digit trials, the object is only held at two points,

therefore it is not fully constrained in space. The rotation

around the axis connecting the two contact locations cannot be

fully controlled; the object could potentially spin around this

axis. During the experiments, we paid special attention to the

cable of the object sensor, making sure it always pointed in the

same direction. This way the cable from the object sensor was

used to prevent excessive rotations. However, this only pre-

vented the object from rotating by more than about 90 degrees.

G. Rotational Workspace Calculation

For each 30 s rotation trial the rotational workspace needs to

be computed (for illustration, see Fig. A2 in Appendix).

Therefore, the following steps are performed:

1) Detect the minima and maxima in the trial. We use the

Matlab function “findpeaks” with the prominence

parameter set to 1/8th of the total observed angular

range. Using this function the extremes in the dataset

are detected very reliably. The number of peaks (both

maxima and minima) ranged from 6 peaks up to 99

peaks for the 30 s trial.

2) Check that the minima and maxima are alternating in

the dataset. If not remove the second peak. Only 5 peaks

had to be removed for the whole experiment.

3) Calculate the difference between min and max values of

adjacent peaks. The vertical red lines in the left plot in

Fig. A2 (in Appendix) indicate those differences. Using

the peak differences avoids problems with drift, which

occured in some trials.

4) Remove outliers and calculate the rotational amplitude

by identifying the maximum difference between a pair of

min and max rotational values. Outliers are detected

beyond three standard deviations from the mean. We feel

that looking at only themean of the peak to peak differen-

ces could underestimate the maximal rotational range.

H. Calculation of Actual Rotation Axis

For the rotational trials we also calculated the axis around

which the actual rotation occurred, which could potentially be

different from the requested rotation axis. Based on the rota-

tional workspace calculation, the indices i of the maxima and

minima are extracted. Using those indices the rotational com-

ponents Si of the object center are extracted for those instan-

ces. In order to calculate the axis of rotation that rotates Si to

Siþ1, the body rotation matricesmi are first extracted [32]
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mi ¼ Siþ1S
T
i :

The rotation axis is extracted by calculating the eigenvectors

of mi, where the real eigenvector is the rotation axis that is

sought. The average axis directions for each trial are computed

by taking a simple average of the vectors in Euclidean space

[31], after projecting the vectors into a single hemisphere to

avoid any issues with averaging equivalent “negative” and

“positive” versions of the same vector. The hemispheres are

defined such that all X coordinates are positive for the rotation

around X, all Y coordinates positive for rotations around Y and

all Z coordinates positive for rotations around Z. As we can

assume that the actual rotation axes will be close to the goal

axis, this procedure guarantees that all rotation axes will point

generally the same direction. The cone angle is then calculated

as the half angle between the mean axis and the side of the

cone, such that 68% of the axes lie within the cone. This pro-

vides an estimate about the spread of the data around the mean

axis. This method is also discussed in [14].

I. Significance Testing

Factors for each experiment were tested for significance

using an analysis of covariance (ANCOVA). This method,

similar analysis of variance (ANOVA), looks to identify

whether the independent categorical variables significantly

affect the continuous response variable (workspace), while

able to account simultaneously for covariates; covariate varia-

bles are continuous variables that may confound the statistical

power of the categorical variables. No interaction effects were

assumed between variables; a conservative assumption. Sex

and diameter are considered as categorical variables, number

of digits is ordinal, and hand length and width are the covari-

ates. Relative object size, included in the follow up analyses,

is also a covariate. Repeated measures were averaged to obtain

a single performance value per subject, and the trial number in

the analysis would refer to the order position of the second

repetition. Each variable’s p-value is then adjusted using a

Holm-Bonferroni correction [33], to evaluate in more detail

how individual factors affect the workspace while accounting

for repeated testing. P-values accompanying the bottom of

each table indicate whether the factors simultaneously (the

model) affect the response variable. Two-tailed t-tests are

used to further compare pairs of distributions within a single

factor, such as number of digit conditions, while paired two-

tailed t-tests are used to compare distributions that have paired

observations, such as comparing the effect of different sized

objects. A two-tailed t-test evaluates whether there exists a

significant difference between the means of two distributions.

IV. RESULTS

A. Translation Experiment

The translational experiment was completed by 16 subjects.

Trials where the object was dropped were ignored, thus out of

the maximum 256 trials only 240 were considered, and after

averaging pairs of repeated trials, 125 trials remained; after

dropped object trial omission, not all trials had a pair to aver-

age with. The average translational workspace over all condi-

tions is 5.1 cm3.

An ANCOVA was used to assess whether subject attributes

and task conditions had an effect on the volume workspace

(Table I). An initial assessment of the adjusted p-values sug-

gests that only the number of digits and hand width have a sig-

nificant effect on the translation workspace. Due to the large

range and significance of hand width, we omit hand length

from the rest of the analysis and combine the hand width and

diameter variables into a single variable representing the ratio

of the two; object diameter divided by hand width, namely rel-

ative object size (Table II). This new variable aggregates

results from both object size trials while offering the readers

results that generalize to any sized object. In the updated table,

only the number of digits has a significant effect on volume.

Translation workspace is also analyzed by looking at the

range of object translation along each the three major hand

axes. Range is calculated as the difference between the maxi-

mum and minimum data along each direction. Similar to the

rotational range analysis, we used a common outlier detection

approach that identifies points beyond three standard devia-

tions from the mean. Tables III-V analyze the effect of differ-

ent trial conditions and relative object size (object diameter

divided by hand width) on each translational direction using

ANCOVA.

The effect of the number of digits used on volume and range

is evident, and we further investigate the effect of relative

object size using a series of linear regressions for each digit

condition (Fig. 5). The results indicate that the relative object

size is not a significant variable for any of the digit cases for

the overall volume. Of all conditions, relative object size was

TABLE I
ANALYSIS OF COVARIANCE: TRANSLATION VOLUME

Number of observations: 125, root mean squared error: 3.02.

R-squared: 0.311, adjusted R-squared: 0.263.

F-statistic vs. constant model: 6.54, p-value ¼ 5.07e-07.

TABLE II
ANALYSIS OF COVARIANCE: TRANSLATION VOLUME

Number of observations: 125, root mean squared error: 3.13.

R-squared: 0.248, adjusted R-squared: 0.21.

F-statistic vs. constant model: 6.49, p-value ¼ 6.1e-06.
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only a significant predictor of translation range along the Z

direction for 4 and 5 digits. For these trial conditions, a larger

object to hand width ratio was more likely to have a larger

translational range. Finally, confirming the trends seen with

volume, ranges generally decrease with added digits. The

effect of the number of digits on volume and range for each of

the diameter conditions separately is included in the Appendix

for reference (Fig. A3 and Fig. A4).

An analogous analysis using hand length in lieu of hand width

is included in the Appendix for reference for both workspace

quantities; volume and range (Fig. A5 and Tables A1-A4). The

analyses, using object diameter to hand length ratio as a variable,

exhibited very similar results with similar takeaways.

Without accounting for other factors, although the male

workspaces are 9% larger, the workspace distribution is not

significantly different from female workspace distribution (p

¼ 0.5, two-tailed t-test). Scaling the workspace for hand

length, a sex effect is present, with female workspaces being

38% larger than male workspaces (p ¼ 0.026, two-tailed t-

test). There is also a positive relationship between trial order

and workspace (p ¼ 0.014, 0.16 cm3 increase per trial, linear

fit of workspace vs. trial number), when not accounting for the

other factors. The mean coefficient of variation (standard devi-

ation/mean) for each object size and number of digits condi-

tion is 62% (49-74%).

To further analyze the shape of the translational workspaces, a

Principal Component Analysis (PCA) of the workspace point

cloud was performed. Results are shown in Fig. 6, which shows

both the individual trials in the background and the overall mean

direction for each trial condition. The mean direction was calcu-

lated as the Euclidean average over all individual PCs, similar to

[11]. Additionally, Table A5 (in Appendix) presents summary

statistics of the point cloud position and PC directions. For both

object sizes the first PC (PC1) is the most stable, therefore For

the 50mmobject there is a dominant direction that is mainly vis-

ible in the palmar/proximal plane, where most axes are aligned.

With added number of fingers, the dominant direction of the

PC1 shifts toward the little finger, both in the radial/proximal

and palmar/ulnar plane. The 80 mm object shows a different

trend; there is a larger variability between trials, the cone angle

of PC1 is always larger than the 50 mm counterpart (Table A5).

There is the tendency that the direction of the PC gradually shifts

towards the pinky as fingers are added. Even though the orienta-

tions of the PCs’ are less stable for the 80 mm object, the work-

space does not become more uniform in shape. The relative

lengths of PC1 to PC2 and PC1 to PC3 is generally constant at

around 2.2 (1.7 – 2.4) and 4.9, respectively (3.9 – 5.9).

B. Rotation Experiment

The rotation experiment was completed by 17 subjects with

792 trials overall. The first two subjects did not perform the 2

digit trials, and since the rest of the experiment protocol was

the same they were not excluded. The average rotational range

over all conditions is 55 degrees with a standard deviation of

26 degrees. The largest rotational range is achieved in the 3

digit Y rotation with a mean rotation amplitude of 88 degrees

and standard deviation of 28 degrees.

An ANCOVA was calculated to predict each of the rota-

tional ranges based on subject attributes and task conditions

(Tables VI-VIII). Although all measured a rotation workspace,

each rotation task was analyzed independently due to different

task goals. By controlling for the inter-subject variabilities,

using Holm-Bonferroni p-value correction, we are able to

observe whether specific task conditions (i.e. sex, number of

digits, relative object size, and trial number) had an effect on

each rotational range. Relative object size variable represents

the ratio of object diameter to hand length. When evaluating

ANCOVA using diameter, hand length, and width as separate

variables, unlike for the translation trials, hand length had a

significant effect on the rotational ranges while hand width

did not (see Tables A6-A8 in Appendix). ANCOVA analyses

suggest that the relative size of the object has a significant

effect on the rotational range for all conditions, particularly

around the X and the Z axes. The number of digits used was

only significant when rotating the object around the Y-axis.

As a follow up to the ANCOVA analysis, we further

explored the effect of the number of digits and relative object

TABLE III
ANALYSIS OF COVARIANCE: X-DIRECTION TRANSLATION RANGE

Number of observations: 125, root mean squared error: 1.4.

R-squared: 0.27, adjusted R-squared: 0.233.

F-statistic vs. constant model: 7.28, p-value ¼ 1.23e-06.

TABLE IV
ANALYSIS OF COVARIANCE: Y-DIRECTION TRANSLATION RANGE

Number of observations: 125, root mean squared error: 1.16.

R-squared: 0.122, adjusted R-squared: 0.0772.

F-statistic vs. constant model: 2.73, p-value ¼ 0.0162.

TABLE V
ANALYSIS OF COVARIANCE: Z-DIRECTION TRANSLATION RANGE

Number of observations: 125, root mean squared error: 0.818.

R-squared: 0.264, adjusted R-squared: 0.227.

F-statistic vs. constant model: 7.05, p-value¼ 1.97e-06.
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size on each rotational range using a series of single factor

ANOVA and a series of linear regressions, respectively

(Fig. 7); significant differences between digit condition distri-

butions are depicted above pairs of scatterplots. Object size

evidently has a significant effect on the range of rotation, bar-

ring rotations made with 2 digits, with larger relative object

size reducing the rotational range. The difference in the range

of rotation distribution between digit conditions was only

apparent in rotations around the Y-axis. When comparing tri-

als by object size (without accounting for hand size), the

median rotational range of the small object is 1.3, 1.2, and 1.2

times larger than the large object for X, Y, and Z, rotations,

respectively (p < 0.001, p ¼ 0.009, and p < 0.001, respec-

tively (paired two-tailed t-test); consistent with the trends seen

in Fig. 7. We further investigate the variables through a series

of additional statistical tests.

Sex has an effect on the rotation ranges, with male workspa-

ces being 12% larger, when considering all rotation conditions

(reaffirmed with a two-tailed t-test, p ¼ 0.0006). Even when

dividing the rotational ranges by the individual hand lengths,

male workspaces are still 7% larger (p ¼ 0.041, two-tailed t-

test). A similar hand width effect exists as in the translational

analysis, with wider hands lowering the rotational range.

Although insignificant when accounting for all variables, there

is a positive relationship between trial order and workspace

when considering the effect alone (p ¼ 0.022, increase per

trial 0.15 degrees, linear fit of range vs. trial number). The

mean coefficient of variation (standard deviation/mean) for

each object size/number of digit condition is 37% (18% -

66%). The three largest coefficients (66%, 49%, and 47%) are

from two digit trials, the next largest is 44%.

To analyze the amount of translation motion when perform-

ing the rotations, PCA was performed on the positional coordi-

nates of the object center. Since the experiment was a one

dimensional exploration it is expected that the object center

will lie on a narrow point cloud. Therefore, PC1 will capture

the amplitude of the motion. Fig. 8 presents the length of PC1.

The length of the axes is defined by a �1:96s range for the

data, the interval that statistically incorporates 95% of the

data. Overall, the object moves around 2-3 cm in the rotation

trials. The only noteworthy significant differences are 2 digit

conditions that are larger compared to higher digit conditions,

unsurprising given the challenge of rotating around the Y-axis

using only 2 digits. Relative object size had a significant effect

Fig. 5. Overview of the translational workspace analyzed using both volume and range vs. relative object size (using hand width). The top row corresponds to
the volume, whereas the bottom three rows correspond to range along each of the major axes (accompanied by a respective image). For each 3D translation
exploration trial, the ranges along the three major hand axes are calculated. The three hand images on the right indicate the coordinate axes. The significance lev-
els for the differences between pairs of distributions of trial conditions is given in the image: � denotes p < 0.05, �� denotes p < 0.01, and ��� denotes p < 0.001.
For each trial condition, a regression is additionally calculated to identify whether a trend exists between the volume or range and the relative object size; results
of which are displayed above each distribution.
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on the length of PC1 for only the Z-axis rotation trials for 3-5

digit cases.

Fig. 9 shows the actual axis of rotation during the trials, cal-

culated using the procedure outlined in section III.H. The plot

shows that overall subjects were able to rotate around an axis

that is similar to the goal axis; the overall average deviation

from the goal axis is 28 degrees. As shown in Table IX, the

rotation axis connected to the small object trials was closer to

the goal axis for the Y and Z rotations. Results are displayed

for the two object size trials separately for a more granular

analysis. Regarding the X rotation trials, the rotation axes are

all shifted towards having a positive z component in the vec-

tors and usually towards having a positive y component as

well. When increasing the number of digits the rotation axis

shifts closer to the goal axis. The Y trials (neglecting the prob-

lematic 2 digit case) all have a negative x and positive z com-

ponents. Finally, the Z trials show overall a narrower spread,

and for those trials the small object is closer to the goal axis

compared to the large object. All axes are shifted towards hav-

ing negative x and y components and when increasing the

number of digits the angle to the goal axis decreases.

V. DISCUSSION

Overall, for both the translational and rotational parts of the

study, there exists a substantial degree of variation between

subjects, suggesting that there is no ‘hard limit’ on the work-

space ranges and that soft factors such as strategy, training,

and confidence may play a significant role in human precision

manipulation performance. Variation persisted despite scaling

the object diameter to hand dimensions. Depending on the

will of the participants to get closer to their limits and their

ability to perform unintuitive motions, the workspaces can

increase. This is also important for robotic systems, where an

Fig. 6. Principal components for all experiment conditions. Principal components analysis is used to find an orientation for three principal vectors for each par-
ticipant’s workspace. The average of all participants’ PCA vectors is plotted as the thick set of lines, whereas the individual subjects’ PC1 lines are plotted in the
background. The length of these vectors is set by extending the axes 1.96s in either direction. Each row corresponds to a digit condition, starting with the two
digit condition on top, ending with the five digit condition at the bottom. Each set of three horizontal panels correspond to orthogonal views of the same task
condition.
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on-line system of evaluating stability, such as from a slip sen-

sor, could help in working closer to the hard workspace limits

without dropping the object. Without feedback, a larger safety

margin is likely required, which would reduce the useable

workspace. While we instructed subjects to keep their contact

location constant, they were unable to avoid some change of

contact location during the course of the trial. Subjects usually

reacted to those changes by either altering their exploration or

by repositioning the object (in the rotation trials). Presently,

robotic systems are mainly unable to react to those subtle

changes. Stabilization should nonetheless not be overlooked,

and in some cases small range of motion, coupled with

mechanical gain, could suffice for various tasks, as in the

example of writing with a pen. During active tool use, when

the hand experiences large external torques, stiffness [24],

slipping [25], and finger placement [23] certainly play an

important role, and should be considered alongside the num-

ber of digits. For a quantification of stability during precision

in-hand manipulation tasks, such as the ones in this experi-

ment, readers should turn to [34].

While we suspected the length of the hand to be a significant

factor, it is only significant for the rotational trials; it is posi-

tively correlated with the three rotational ranges. The reverse is

true for hand width where a wider hand has an adverse effect on

translational volume but has no statistically significant effect on

rotational range. The size of the object relative to the hand was

statistically significant in all rotation but not translation trials. It

did however have a statistically significant effect on the transla-

tion range in the Z-direction. It should therefore be expected

that smaller objects can be rotated further than larger ones,

while larger objects can enable larger translation in the Z-direc-

tion. Therefore, a longer thinner hand is more likely achieve the

largest overall translational and rotational workspace. This also

suggests that when attempting to account for different hand

sizes, hand length alone may not be enough and that hand width

should be considered as well. Given the increased difficulty of

manipulating objects much larger or smaller than the hand, we

suspect that the regression trends would reverse had we

included a larger range of object sizes in the experiment. There-

fore, the trends should only be considered within the range of

relative object sizes we tested.

Given that hand dimensions have been linked to sex [35], by

accounting for hand length and width, we were hoping to

eliminate the effect of sex on the translational and rotational

workspaces. Despite the effect of sex being statistically insig-

nificant, some effect persisted. This suggests that there might

be additional unaccounted factors that could be explored in

future efforts.

When accounting for other factors, as well as randomizing

the rotation tasks, trial order was not significant, however, pos-

itive relationships between trial order and the workspaces per-

sisted, and thus could potentially be a limitation in the

experiment. Another limitation is wrist movement. While sub-

jects were instructed to minimize wrist motion, it was impossi-

ble to ensure without hindering the free motion of the fingers.

Wrist posture plays a role in the range of motion and forces

our fingers apply [36] and should be addressed in the future in

order to obtain more accurate results.

A. Translation Experiment

The study of translational workspaces shows that with addi-

tional digits the workspaces decrease. Our study also found

this trend with two different object sizes, therefore this seems

to be a generalizable trend. However, it is not always statisti-

cally significant when going from one digit case to another.

Differences are generally significant when comparing the 2

digit cases to most of the other 3-5 digit cases. One probable

cause is that additional digits add constraints to the system

and therefore the workspace is reduced. For a purely kine-

matic system, such as a parallel platform, the translational

workspace will always decrease. It is difficult to assess how

much the kinematic workspace will decrease by however,

since in the four finger parallel platform case, adding an extra

finger might not add any significant constraint.

This increase in constraint could potentially also be beneficial.

Stability for example, will most likely increase and subjects

will be able to explore larger proportions of their kinematic

TABLE VI
ANALYSIS OF COVARIANCE: X-AXIS ROTATION RANGE

Number of observations: 132, root mean squared error: 15.6.

R-squared: 0.159, adjusted R-squared: 0.119.

F-statistic vs. constant model: 3.94, p-value ¼ 0.0012.

TABLE VII
ANALYSIS OF COVARIANCE: Y-AXIS ROTATION RANGE

Number of observations: 132, root mean squared error: 20.5.

R-squared: 0.559, adjusted R-squared: 0.537.

F-statistic vs. constant model: 26.4, p-value ¼ 4.19e-20.

TABLE VIII
ANALYSIS OF COVARIANCE: Z-AXIS ROTATION RANGE

Number of observations: 132, root mean squared error: 15.8.

R-squared: 0.248, adjusted R-squared: 0.212.

F-statistic vs. constant model: 6.87, p-value ¼ 2.55e-06.
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workspace. Additionally, it could prevent the objects from slip-

ping at the fingertip, as occasionally occurred during the trials;

digit–object contact locations usually drifted over the course of

the experiment, sometimes to a point where subjects would drop

the object or their motion would becomemore limited. Grasping

the object with many fingers could allow for slight reset of the

contact locations and thus enable a better exploration of the

workspace. These results are relevant for robotic in-hand manip-

ulation as it shows that even with grasps of up to five digits sub-

stantial in-hand translation motions can be achieved. Given the

added potential stability, usingmore digits could be of great ben-

efit for certain tasks. However, the results clearly show a tradeoff

of a much smaller translational workspace as more fingers are

utilized.

Fig. 7. Overview of the rotational ranges for all 24 conditions. Each row, accompanied by an image, corresponds to a different rotation trial. The significance
levels for the differences between number of digits is given in the image; � denotes p< 0.05, �� denotes p< 0.01, and ��� denotes p< 0.001. The three hand images
on the right indicate the directions of the three rotations in the experiment. Each regression is accompanied with p-values describing the likelihood of the trend.

Fig. 8. The figure shows the amount of translational travel of the object during the rotational trials. The length of these vectors is set by extending the axes
1.96s in either direction. The three hand images on the right, corresponding to the row, indicate the directions of the three rotations in the experiment. � denotes
p < 0.05, �� denotes p < 0.01, and ��� denotes p < 0.001, as to whether the means of the distributions are significantly different. Each regression is accompanied
with p-values describing the likelihood of the trend.
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The results of the PCA analysis of the shape of the translation

point clouds in Fig. 6 show that the direction of PC1 changes

with the number of digits. In particular, the axis gradually shifts

towards the pinky when adding fingers. It appears that the

major direction of motion is generally pointed towards the cen-

ter of the digits in contact with the object. So while it is possible

to reduce the number of degrees of freedom in a robotic hand

while maintaining a similar workspace [37], given that the

major exploration direction changes with the number of digits,

it shows that for robotic in-hand manipulation it may be more

important to adapt the exploration procedures to the number of

digits. The human summary data in the Appendix (Table A5)

presents the summary of the PCA analysis of the workspace

data that can be used either in design of artificial hands or as

benchmark data against which performance can be compared.

B. Rotation Experiment

For the measurement procedure we deliberately chose a one

dimensional exploration strategy for two reasons. First, our

Fig. 9. Orientations of the actual rotation axes about which the object was rotated is displayed; calculations are outlined in section III.H. Each line represents
the mean rotation axis of one trial. Light color axes represent the 50 mm object and dark color axes represent the 80mm object. The plots are oriented in such a
way that the instructed goal axis is perpendicular to the page; hand models are included for reference, but are not representative of the actual hand shape during
those trials. All lines intersect at the origin and have equal length. Each panel corresponds to a separate rotation task and are not to be interpreted as different
views of the same task.
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previous study using spherical objects [14] found a large inter-

subject variation and we hoped to reduce this by simplifying

the goal. Second, visualizing three dimensional rotations is

non-intuitive and would be difficult for subjects to understand

and likely decrease their ability to explore their full workspace.

The coefficient of variation results show that the one-dimen-

sional exploration did, in fact, reduce the spread. Excluding the

two highest 2 digit coefficients, all coefficients of variation of

the rotation trials are smaller than all translation coefficients.

The rotation manipulation results for the two digit case are

somewhat problematic when grouped with the others, as the

rotation of the object around the axis of the contact points can-

not be controlled due to the nature of only two contacts. How-

ever, we felt that the two digit case is still important to

investigate, so we chose to perform that condition nonetheless.

In particular the Y-axis rotation may be inaccurate, since the

uncontrollable axis is almost parallel to the Y-axis. This is the

reason why it produced very small rotation amplitudes. Even

though we did explain this problem to the subjects, to avoid

introducing any bias, several subjects commented that the 2

digit, Y-axis rotation task is difficult or impossible. This is

also why the 2 digit Y-axis condition, in particular, frequently

exhibited different trends.

Compared to the translational workspaces, the rotation

amplitudes present a different picture. X-axis and Z-axis rota-

tions, were found not to be dependent on the number of digits.

The motions of the individual digits in these cases are similar

– all move synchronously in the same direction. The con-

straints of adding an additional finger might be small and off-

set by added stability. The Y-axis rotation requires a different

movement scheme: for example in the three digit case, the

index finger has to flex, whereas the middle finger has to

extend in order to rotate the object. This scheme also explains

why the rotation amplitude is reduced when fingers are added.

Due to the larger effective radius of the object, a similar trans-

lation of the digits results in a smaller rotation of the object.

Regarding the translational components from Fig. 8, the

results show that for all trials subjects were not able or did not

purely rotate the object. There always existed a certain amount

of object translation associated with the motion. In particular,

the 2 digit cases showed large relative translations, having the

largest PC1 length and smallest rotation amplitudes. This

might be partly due to the fact that fully controlling a 3D rota-

tion with two digits is problematic, as there is always the

uncontrollable degree of freedom around the axis of the object

contact points. These results highlight the fact that in order to

fully control the 6 DOF pose of an object more than 2 digits

have to be used. Among other applications, this is important

in haptic devices, which should be designed to use more than

2 digits. Adding extra fingers however, can lead to smaller

translational workspaces, so tradeoffs between translational

and rotational motions must be considered.

The actual axes of rotation, as presented in Fig. 9 and

Table IX show that subjects were often able to rotate the

object around axes similar to the goal axis. Interestingly, the

variation is not centered on the goal axis, but the mean is often

rather different than the goal axis. This might indicate that

those rotation axes are more intuitive or easier to perform than

a pure rotation around the goal axis. Alternatively, it could

also be a result of “enslaving”, where fingers are either neuro-

logically or physiologically interdependent or kinematically

constrained to operate in concert [38]–[40]. This effect is evi-

dent in particular for rotations around the Z-axis (perpendicu-

lar to the palm), where the actualized mean axis of rotation is

up to 40 degrees tilted away from the goal axis, but the actual

spread between subjects is very small. The results are directly

relevant for anthropomorphic robotic hands, where it might be

beneficial to try to rotate objects around the mean axis we

observed rather than the goal axis. The current analysis of the

actual rotation angles only looks at the rotation from one

extreme position to the other and assumes a direct rotation

that connects the two orientations. In reality however, subjects

might perform a more complex motion, which we plan to

investigate in the future.

VI. CONCLUSION

The present work focuses on studying the effects of varying

the number of digits used on the resulting manipulation abili-

ties, in terms of translational workspaces and rotational

ranges, by manipulating two circular objects, 50 and 80 mm in

diameter. The overall average recorded volume for transla-

tional workspace is 5.1 cm3, after scaling to a 17.5 cm hand

length. The manipulation volume for five digits was less than

TABLE IX
ACTUAL AXIS OF ROTATION STATISTICS

The mean axis is the average rotation axis over all trials for this particular con-
dition.

The cone angle is the semi-vertical angle of cone expanded from mean vector
to minimum size which includes 68% of orientations.

The goal angle is the angle of the mean axis to the goal direction, which is
either (1, 0, 0), (0, 1, 0), or (0, 0, 1).
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half the two-digit (thumb-index) volume (p < 0.001) and the

object sizes were not found to significantly influence the work-

space volume. The average rotational range achieved over all

conditions was 55 degrees, with the largest mean rotation of

88 degrees for the three-digit (thumb-index-middle) case

around the distal-proximal axis. Rotation range around the

ulnar-radial and dorsal-palmar axes was not found to signifi-

cantly change with the number of digits. Rotation around the

distal-proximal axis is affected by the number of digits. Ana-

lyzing the axis of rotation shows that on average the real axis

of rotation was 28 degrees away from the goal axis and that

there are consistent offsets from the axis, indicating preferred

axes of rotation by the subjects.

Considering the points discussed above, one takeaway from

this study that is particularly relevant to robotic manipulation

research is the overall trend in precision manipulation perfor-

mance as a function of the number of fingers utilized. In gen-

eral, the results show a significant reduction in precision

manipulation workspace volume and rotation range as the

number of digits utilized increases from two to five for five of

the six translation conditions and two of the six rotation condi-

tions, suggesting that for these particular metrics, more fingers

lead to a reduction in performance. In terms of kinematics,

this seems to indicate that adding fingers does more in terms

of adding constraints that limit motion than it does in adding

degrees of freedom that increase force and motion capabilities

(that might, for instance, be able to push objects further in

directions limited by the active range of motion of other dig-

its). Furthermore, while two digits (thumb-index) give the

largest overall workspaces (or tied for largest) for five of the

six rotation conditions, the lack of ability to control rotation in

the distal-proximal direction suggests that three digits (thumb-

index-middle) may be more desirable for overall precision

manipulation capability.

These results must be taken with a grain of salt, however, as

they only examine a portion of overall hand function. There

are additional types of within-hand motions that we did not

examine (such as finger-gaiting and movements that utilize

sliding and rolling at the contacts), how number of fingers

affect static grasping function, as well as how they affect other

important metrics such as force production and grasped object

stability. Furthermore, while we have shown how workspace

sizes change with the number of digits used, the exact mecha-

nism that influences those workspaces is still unknown. Are

the added kinematic constraints the limiting factor in those tri-

als, or perhaps the limitations on controllability of digits and

forces play a larger role? Full hand modeling approaches

might help to answer those questions.

The current study provides many insights into the transla-

tion and rotation capabilities of the human hand, and it will be

valuable for the robotics community in a number of ways. It

provides general benchmark data on the human in-hand

manipulation performance and therefore gives first indications

for what sizes of workspaces one might expect. Furthermore,

for anthropomorphic hands, the information on the shape and

alignment of those workspaces will aid in implementing those

motions in an artificial hand. Finally, by better understanding

human manipulation behavior, human-robot mapping and

observing human motion can be improved.

APPENDIX

Please refer to the main text for context behind Fig. A1 and

A2. Fig. A3 and A4, in contrast to Fig. 5, correspond to

ANOVA tests performed between distributions separated by

object size. Fig. A5 is the complementary analysis to Fig. 5

where relative object size is the ratio between the object diam-

eter and hand length rather than hand width. Likewise, Tables

A1-A4 complement Tables II-V, where relative size is the

ratio between the object diameter and hand length rather than

hand width. Table A5 summarizes the PCA analysis of the

translation workspace data. Tables A6-A8 complement Tables

VI-VIII in that they include both hand length and width and

are used to identify which of the two has a significant effect

for each rotational workspace. Fig. A6, in contrast to Fig. 7,

corresponds to ANOVA tests performed between distributions

separated by object size.
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