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Abstract

Computational approaches to biological motor control are used to discover the building

blocks of human motor behavior. Models explaining features of human hand movements

have been studied thoroughly, yet only a few studies attempted to explain the control of

the orientation of the hand; instead, they mainly focus on the control of hand

translation, predominantly in a single plane. In this study, we aimed to establish a basic

understanding of the way humans control the orientation of their hands. We developed

a quaternion-based score that quantifies the geodicity of rotational hand movements

and evaluated it experimentally. In the first experiment participants performed a simple

orientation-matching task with a robotic manipulator. We found that rotations are

generally performed by following a geodesic in the quaternion hypersphere, which

suggests that, similarly to translation, the orientation of the hand is centrally controlled.

We also established a baseline for the study of human response to perturbed visual

feedback of the orientation of the hand. In the subsequent second experiment we

studied the adaptation of participants to visuomotor rotation that is applied on the

hand’s rotation, and the transfer of the adaptation to a different initial orientation. We

observed partial adaptation to the perturbation. The patterns of the transfer of the

adaptation to a different initial orientation were consistent with the representation of

the orientation in extrinsic coordinates. The results of the two experiments raise
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questions regarding the nature of central control of hand orientation. Discussion and

intuitions from these results can be of benefit for many applications that involve fine

manipulation of rigid bodies, such as teleoperation and neurorehabilitation.

Author summary

Daily motor actions, as simple as pouring a glass of wine or as complicated as playing a

violin, require coordinated activation of multiple muscles that synchronize to produce a

precise motion of the hand. Controlled by sensorimotor areas in the central nervous

system, our muscles can translate and rotate our hand from one posture to another.

Our study focused on the very basis of the control of orientation: we attempted to

reveal which variables are centrally controlled when we rotate our hand. The discovery

that simple rotations are generally performed along a geometrically optimal path

established a baseline for studying the response to rotation-based perturbations. By

visually remapping the orientation of the hand, we found that humans perceive their

hand’s orientation in visual, rather than joint-based coordinates. These findings have

implications for the design of human-centered control systems for teleoperation, where

visual distortions may occur, and for the design of rehabilitation devices for people with

motor impairments.

Introduction 1

Precise control of the position and orientation of the hand is key to accurately 2

performing daily object manipulation tasks. To discover the building blocks of human 3

motor control, experimental and computational approaches may be used. These 4

building blocks are often considered to be motor invariants - robust patterns that can 5

be quantified in human movements. They are typically observed across repetitions of 6

the same movements within and between participants, and are considered to be the 7

result of active control by the nervous system [1]. One such invariant is the straight 8

path and bell-shaped velocity trajectory that characterise fast point-to-point movement; 9

these may result from the optimization of movement smoothness [1–4]. This invariant 10

may also suggest that point-to-point hand movements are primarily under kinematic 11
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control in extrinsic coordinates that minimizes reaching errors. This hypothesis is 12

reinforced by the robustness of the invariant to visual [5, 6] and dynamical [7, 8] 13

distortions, and is explained by models of stochastic optimal control [9–11], 14

deterministic optimal control [1] and state-space models [12–15]. Other studies claimed 15

that control strategies also depend on the cognitive perception of the task. For example, 16

straight paths in joint space were observed when a two-link arm was controlled, rather 17

than just the endpoint position [16]. 18

Controlling motion involves the mapping of sensory input to motor output. It is 19

generally held that this mapping is closely tied to the acquisition of an internal model of 20

the motor apparatus [7, 17,18]. The internal model may be composed of a forward 21

model that predicts sensory consequences of a given motor command [19,20], and an 22

inverse model that specifies the motor commands required to produce a desired sensory 23

output. The internal model may be used to compensate for estimation error [9], and to 24

stabilize the control system [21]. Important supporting evidence for the existence of 25

internal models is motor adaptation – the recovery of performance in response to a 26

changed environment [7, 22]. The nature of the internal models is often investigated by 27

studying motor adaptation in the face of perturbations and their aftereffects, 28

generalization, and transfer upon removal of the perturbation. For example, adaptation 29

to visuomotor rotation (a remapping between hand movement and visual display) was 30

shown to be learned in extrinsic, rather than intrinsic, hand coordinates [22], although 31

mixed coordinates have also been proposed [23,24]. 32

In contrast to the control of translational movements allowing for the transfer of 33

objects from one position in space to another, the control of rotational movements 34

allowing for a change of the orientation of objects from one orientation to another has 35

not received much attention. Studies of reach to grasp movements reported features 36

similar to two-dimensional translations, such as typical bell-shaped angular velocity 37

profiles [25], and showed evidence of grasp anticipation and orientation online 38

corrections [26]. Moreover, hand orientation for grasping was found to be coupled with 39

reaching direction [27,28] and target orientation [29], but also related to the posture of 40

the arm, suggesting that both extrinsic and intrinsic variables are controlled [30,31]. 41

The hypothesis that position and orientation are controlled simultaneously was 42

supported by a gradient-based model that predicted the coarticulation of hand 43
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translation and rotation along a path generated during reach to grasp [32]. Nevertheless, 44

evidence for separate control of position and orientation in reach to grasp were also 45

observed [29,33]. For example, parallel control channels for position and orientation 46

were evidenced by the lack of variation in variable errors between orientation matching 47

with and without hand translation [30], which supports the three-component hypothesis 48

- prehension movements are controlled through channels for the translation, the 49

manipulation, and the orientation of the hand [34]. 50

Two-dimensional wrist rotations were the main focus in studies of pointing 51

movements that mapped the orientation of a constrained wrist to a position of a point 52

cursor on a screen [35–37]. One such study found that the projected paths of the wrist 53

rotations are more variable and curved than planar reaching movements, which may 54

suggest that wrist rotations are not under kinematic control. Yet, the difference in the 55

curvature of the projected wrist rotation of inbound and outbound pointing suggested 56

that these results are an outcome of imperfect peripheral execution of the motor 57

command [36]. Other studies found robust motor invariants in kinematically redundant 58

moderate pointing movements that involve both the wrist and the forearm, such as the 59

fact that the cursor’s path follows Donders’ law for dimensionality reduction [38–40]. 60

These stereotypical patterns were later attributed to strategies that use wrist 61

flexion-extension and wrist radial-ulnar deviations, but not forearm 62

pronation-supination [41]. A few studies also attempted to investigate adaptation to 63

perturbations during wrist pointing. For example, a study of torque field adaptation 64

found evidence for central control of orientation, as the projected path’s curvature 65

increased when the torque field was suddenly reversed [35]. Another study that 66

employed visuomotor rotation on the cursor’s path showed that a phase shift between 67

the intrinsic (body-fixed) and extrinsic (space-fixed) frames worsened adaptation [37]. 68

This adaptation was later shown to be compensated and narrowly generalized to 69

different directions [42], similarly to visuomotor rotation in studies of point-to-point 70

movements [22]. 71

Common to these wrist pointing studies is the mapping from hand orientation to 72

cursor position visualized on a two-dimensional screen. However, these studies do not 73

tell us how humans control three-dimensional rotations of the hand while manipulating 74

a three-dimensional object, and how they adapt to visuomotor perturbations in such 75
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rotations. A study of rotation gain adaptation provided three-dimensional visual 76

feedback by aligning the orientation of a manipulated virtual object to that of the hand, 77

and revealed the construction of a transferable internal model [43]. However, except for 78

the latter study, the strategies used to control the orientation of a rigid body which is 79

held by the hand remain largely unknown. 80

In this study, we aimed to bridge this gap, and investigate hand orientation control 81

and adaptation strategies without reducing the degrees of freedom of the object’s 82

orientation. To achieve that, we visualized the orientation of the controlled object using 83

a three-dimensional cube, and analyzed its trajectory using quaternions - one of the 84

common representations of orientation. We set out to answer two sequential questions. 85

First, we approached the fundamental question of whether simple hand rotations are 86

under kinematic control of the sensorimotor system. We therefore developed a score to 87

quantify rotation geodicity in quaternion space and evaluated it in an orientation 88

matching task. If rotations are indeed centrally controlled, we expect to observe 89

evidence of path planning optimization. Indeed, we found a tendency to follow 90

geodesics, which established a baseline of response to perturbed hand orientation, and 91

inspired our second question of interest - in which coordinate system is the orientation 92

of a rigid body represented? By remapping the orientation of the hand and applying 93

adaptation and generalization paradigms, we tested whether humans use extrinsic or 94

intrinsic coordinates. Under each hypothesis, we expect to observe transfer of 95

adaptation to a different initial hand orientation when the perturbation was learned and 96

transferred to similar targets in extrinsic or intrinsic coordinates. Our results support 97

the hypothesis that humans use extrinsic coordinates. 98

Methods 99

Notation 100

Throughout this paper, scalar values are denoted by small italic letters (e.g., x ), vector 101

values are denoted by small bold letters (e.g., x), matrices are denoted by large bold 102

letters (e.g, X) and geometrical spaces are denoted by blackboard letters (e.g., X). 103
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Mathematical formulation 104

The manipulation of a rigid body in three-dimensional space involves movement with six 105

degrees of freedom. Three degrees of freedom are associated with translation - the 106

movement of the origin of a reference frame that is attached to the body, and the other 107

three are associated with rotation of the reference frame about an axis. Pose-to-pose 108

movements require the hand to accurately translate and rotate a rigid body to a target 109

pose. Such six-degree-of-freedom movement is composed of point-to-point movement 110

(i.e., the translation of a rigid body between two points in space) and of an 111

orientation-matching movement (i.e., the rotation of a rigid body between two 112

orientations in space). Our study investigates the rotational component of the 113

movement. We considered rotations represented by unit quaternions, denoted by q ∈ H1. 114

H1 is the space of unit quaternions and is also known as the 3-sphere - a 4-dimensional 115

unit size sphere. Quaternions are hyper-complex numbers comprised of a real part 116

s ∈ R and an imaginary part v = [x, y, z] ∈ R3, such that q = s+ îx+ ĵy + k̂z ∈ H1, 117

î2 = ĵ2 = k̂2 = î̂jk̂ = −1, î̂j = k̂ and ĵ̂i = −k̂. According to Euler’s theorem, for any 118

q ∈ H1, there exists an angle θ ∈ (−π, π] and an axis n̂ ∈ R3, such that: 119

q = cos θ/2 + n̂ sin θ/2, (1)

where q is the quaternion that takes a point p ∈ R3 and rotates it θ around n̂ to get p′: 120

p′ = qpq−1. (2)

Let {q}Ni=1 be a discrete time N -sample orientation trajectory (e.g., of the handle of 121

the robotic manipulator - see the Experimental setup and software section for details), 122

such that qi = cos θi/2 + n̂i sin θi/2 is the quaternion that rotates all the vectors 123

represented in an identity frame (i.e., with orientation qI = 1) by an angle θi around an 124

axis n̂i. We denote the discrete time trajectory of the transition quaternion as {qδ}N−1
i=1 , 125

such that qδ
i= cos θδi /2+n̂δ

i sin θ
δ
i /2 is the quaternion that rotates qi to qi+1 by an 126

instantaneous angle θδi around an instantaneous axis n̂δ
i . The instantaneous rotation 127
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axis can be represented in either extrinsic or intrinsic coordinates: 128

Extrinsic representation : qi+1 = qδ
iqi, (3)

129

Intrinsic representation : qi+1 = qiq
δ
i . (4)

The product is generally different since quaternion multiplication is not commutative. 130

Two-dimensional translations - the well-studied reaching movements - are performed 131

by following a straight path in extrinsic coordinates. In differential geometry, the 132

straight path is considered to be a geodesic in R2 - the shortest path that connects two 133

points in the plane. Since all unit quaternions lie on the 3-sphere, a geodesic in H1 is the 134

shortest great arc connecting two quaternions. A geodesic in H1 between q1 and qN is 135

comprised of all quaternions qg ∈ H1 that are parametrized by h ∈ [0, 1] and obey [44]: 136

qg (q1,qN , h) = q1 (q
∗
1qN )

h
, (5)

where q∗
1 = q−1

1 is the conjugate of q1. A geodesic between q1 = qI and 137

qN = cos θN/2 + n̂N sin θN/2 results in the following path: 138

qg (qI ,qN , h) = qI (qI
∗qN )

h

= qh
N

= coshθN/2 + n̂N sinhθN/2.

(6)

Eq 6 suggests that a geodesic in H1 is achieved by scaling θN according to h, and that 139

the axis from Eq 1 is constant and is equal to n̂N . However, this does not generalize to 140

initial orientations that differ from qI . For that reason, when we analyzed quaternion 141

curves, we first rotated all quaternions by the inverse of the initial orientation. This is 142

justified since the rotation operation does not alter the geodicity of a quaternion curve, 143

such that for any q1 ∈ H1: 144

qg (q1,qN , h) = q1qg

(
qI ,q

−1
1 qN , h

)
. (7)
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By inserting Eq 5 into the right side of Eq 7 we get: 145

q1qg

(
qI ,q

−1
1 qN , h

)
= q1qI

(
q∗
Iq

−1
1 qN

)h
= q1

(
q−1
1 qN

)h
= q1 (q

∗
1qN )

h

= qg (q1,qN , h) .

(8)

We can also acquire the transition quaternion trajectory ({qδ}N−1
i=1 ) for a geodesic by 146

inserting Eq 6 into Eq 3 or Eq 4: 147

qδ
i = q

hi+1

N q−hi

N

= q∆hi

N

= cos∆hiθN/2 + n̂N sin∆hiθN/2,

(9)

where ∆hi = hi+1 − hi. Eq 9 suggests that the instantaneous rotation angle θδi is scaled 148

according to ∆hi, and that the instantaneous rotation axis is constant and equal to n̂N . 149

In experiment 1, we developed a quaternion-based score that quantifies the geodicity 150

of rotational hand movements and evaluated it in an orientation-matching experiment. 151

First, we defined the angular distance between two quaternions qi and qi+1 using the 152

angle of the transition quaternion: 153

dist (qi,qi+1) = 2 arccos | ℜ
(
qi+1q

−1
i

)
|, (10)

where the distance is bounded to [0, π). Additionally, dist (qi,−qi) = 0, as qi and −qi 154

are equal by definition. Then, we defined the Quaternion Geodicity Score (QGS) of a 155

curve {q}Ni=1 as follows: 156

QGS =

∑N−1
i=1 dist (qi,qi+1)

dist (q1,qN )
∈ [1,∞). (11)

A geodesic in H1 yields QGS = 1. This is proved by inserting Eq 9 and Eq 10 into 157
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Eq 11 and using the sum of a telescopic sequence: 158

QGS =

∑N−1
i=1 2 arccos | ℜ

(
qi+1q

−1
i

)
|

2 arccos | ℜ
(
qNq−1

I

)
|

=

∑N−1
i=1 ∆hiθN

θN

= hN − h1 = 1.

(12)

Equation 11 suggests that the QGS of a rotational movement is the ratio between the 159

angular displacement accumulated during the movement and the angular displacement 160

achieved by a geodesic. A non-geodesic receives QGS > 1, as it requires that the 161

orientation of the rigid body would deviate from the great-arc that connects the initial 162

and final quaternions, resulting in a longer path to be traveled in H1. 163

Experimental setup and software 164

The experimental setup consisted of a developed simulation in a virtual environment 165

(VE) using CHAI3D 3.2 API, written in C++ (Visual Studio 2013, Microsoft) on a HP 166

Z440 PC running Windows 10 OS (Microsoft). Participants viewed the VE through a 167

three-dimensional viewer HMZ-T3W (Sony) and interacted with it using the handle of a 168

SIGMA 7 (Force Dimension) robotic manipulator. The three-dimensional viewer was 169

mounted on a metal frame and directed at 45° towards the robotic handle (Fig 1a). We 170

implemented a haptic thread rendered at 4 [kHz] and a visual thread rendered at 171

60 [Hz], simultaneously. To enable a three-dimensional view of the VE, we presented 172

each eye with a visual resolution of 1080p. 173
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cursor target

(a) (b)
headphones3D viewermetal frame handle

174

Fig 1. Experimental setup and orientation-matching task. (a) Participants were seated in front of a robotic
manipulator and interacted with it using their right hand. We projected the VE onto the three-dimensional viewer that was
mounted on a metal frame and directed at 45° towards the robotic manipulator. To avoid external interruptions,
participants wore noise cancelling headphones. (b) Participants controlled the orientation of a cursor cube that was
positioned at the center of the VE by rotating their right hand. They were instructed to match the orientation of the cursor
cube to that of a target cube, which was rotated α around n̂ with respect to the initial cursor orientation. An example of
initial cursor orientation (left) and target orientation (right) are illustrated, along with the orientation of the participant’s
right hand. The dark red, green and blue arrows depict an extrinsic reference frame, and the light arrows depict an intrinsic
reference frame (the frames are aligned when the hand is oriented qI , as in the initial orientation shown here).

The participants sat in front of the robotic manipulator, looked into the 175

three-dimensional viewer and held the handle of the robotic manipulator with their 176

right hand. When the participant’s hand was oriented as qI , x
+ was directed from the 177

handle towards the body, y+ was directed from the handle to the right hand side of the 178

participant and z+ was directed from the handle upwards. To secure the participant’s 179

hand to the handle, we fitted two velcro loops around their thumb and index fingers 180

(Fig 1a). Prior to the beginning of the experiments, we introduced the VE to the 181

participants and briefed them regarding how to hold the handle. 182

Procedure and protocol 183

Experiment 1 184

The VE consisted of a virtual cursor cube (Fig 1b) positioned at the center of the VE. 185

Participants controlled the orientation of the cursor by rotating the handle of the 186

robotic manipulator. To provide veridical visual feedback of the orientation of the 187

handle, we did not apply any transformation between the orientation of the handle and 188

the cursor. Participants only controlled the orientation of the cursor and not its 189
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position, which remained constant throughout the experiment. To break the cube’s 190

symmetry, we colored each of the side faces differently. We directed the virtual camera 191

at 45° towards the cube to match the direction of the three-dimensional viewer with 192

respect to the handle. We did not constrain the movement of the arm, such that 193

participants were able to utilize the shoulder, elbow and wrist joints. Additionally, we 194

applied gravity compensation to support the hand and the robotic handle using a 195

translational operational space PD controller with a proportional gain Kp = 100 [N/m] 196

and a linear damping gain KD = 30 [N·s/m]. Prior to each trial, the same controller 197

was used to translate the hand of the participant to the initial orientation. 198

Fourteen right handed volunteers participated in experiment 1 (11 males and 3 199

females, all in the age range of 24-34). All participants signed an informed consent form 200

approved by the Human Participants Research Committee of Ben-Gurion University of 201

the Negev, Beer-Sheva, Israel. The participants were naive with regard to the purpose 202

of the experiments and were reimbursed for their participation. 203

The experiment consisted of 408 trials, in which we instructed the participants to 204

match the orientation of the cursor cube with that of a second identical cube, referred 205

to as the target, by rotating the handle of the robotic manipulator using their right 206

hand. To minimize external influence on the formed orientation trajectories, we did not 207

instruct the participants to follow any strategy nor did we limit the trial’s duration. At 208

the beginning of each trial, a fixed target appeared in one of four random positions in 209

the y-z plane of the VE - above, below, to the right or to the left of the cursor. To avoid 210

participants getting used to a certain target position, we pseudo-randomized their order 211

beforehand, such that targets appeared at each position in an equal number of trials. To 212

present the target, we rotated the initial orientation of the cursor by an angle α around 213

an axis n̂ (Fig 1b). In each trial, we sampled the rotation angle pseudo-randomly from 214

a uniform distribution, i.e., α ∼ U [40°, 60°]. Participants were cued to initiate their 215

movement when the target appeared. We ended the trial when the angular distance 216

between the orientations of the cursor and of the target, as defined in Eq 10, decreased 217

below 10° for a period of 100 [ms], or when it decreased below 15° for a period of 218

400 [ms]. We added the latter, more lenient, condition to avoid frustration among 219

participants. As each trial ended, we removed the target and turned the cursor red, 220

while the robotic manipulator autonomously translated and rotated to the initial 221
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position and orientation for the subsequent trial. To reorient the handle, we applied 222

three-degree-of-freedom torques using a rotational operational space PD controller with 223

a proportional gain Kp = 0.5 [N·m/rad] and an angular damping gain 224

KD = 0.07 [N·m/s·rad]. To provide smooth autonomous rotation, we provided the 225

handle with a minimum-jerk input torque signal. We initiated the next trial when the 226

angular distance between the orientation of the handle and the initial orientation of the 227

next trial decreased below 5° for a period of 100 [ms]. Then, we colored the faces of the 228

cube as before and presented the participants with a new target. 229

To test the effect of the initial orientation of the hand on the geodicity of the path, 230

we chose the initial orientation of the hand to be one of two orientations in half of the 231

trials (o1 and o2, Table 1). Similarly, to test the effect of the target orientation, we 232

chose it to be one of two orientations in the other half of the trials (t1 and t2, Table 1). 233

The initial cursor and target orientations were chosen to allow feasible rotations within 234

the limits of the rotational workspace of the hand and the handle. 235

Table 1. Initial cursor and target orientations and rotation axes.

Initial orientation Target orientation

o1 = 0.92 + 0.33̂i− 0.06ĵ+ 0.16k̂ t1 = 0.84− 0.13̂i− 0.22ĵ+ 0.48k̂

o2 = 0.92 + 0.16̂i− 0.06ĵ+ 0.33k̂ t2 = 0.9− 0.04̂i− 0.08ĵ+ 0.42k̂

Aligned axes Misaligned axes

î î/
√
2 + k̂/

√
2

−ĵ −ĵ/
√
2 + k̂/

√
2

k̂ î/
√
2− ĵ/

√
2

For a given initial orientation, we chose a target orientation that would allow us to 236

test for the effect of the alignment of the ideal rotation axis (i.e., the axis that one 237

should rotate around to move along a geodesic) on the QGS. Therefore, we chose 238

rotation axes that were aligned or misaligned with either an extrinsic or an intrinsic 239

reference frame (see Table 1). If rotation around aligned axes would result in lower QGS 240

values than rotation around misaligned axes, this could imply that the alignment has 241

significance in the control of orientation by the sensorimotor system. Moreover, it would 242

hint that the sensorimotor system uses either intrinsic or extrinsic Euler angles - three 243

consecutive rotations around key axes in intrinsic or extrinsic coordinates - to represent 244

the orientation of rigid bodies. 245
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The experiment consisted of two sessions: Training and Test (Fig 2). The Training 246

session (not analyzed) consisted of one set of 24 trials. The Test session consisted of 247

eight sets of 48 trials each. We pseudo-randomized the order of trials within each set 248

beforehand, and provided participants with a one minute break after each set. In the 249

Training session, participants performed six trials starting from o1 and six trials 250

starting from o2. To present participants with the target, we rotated the initial cursor 251

orientation around one of three axes that were aligned to either an extrinsic or an 252

intrinsic reference frame (see Eq 3 and Eq 4). In addition, participants performed six 253

trials towards t1 and six trials towards t2. To present participants with the initial 254

cursor orientation, we inversely rotated the targets around the same axes. 255

Separate

  cond.

Mixed

 cond.

intrinsic extrinsic intrinsic extrinsic

aligned misaligned

24 48

Training Test

(a)

(b)

(c)

time 256

Fig 2. Experimental design and participants groups - experiment 1. The experiment consisted of two sessions:
Training (24 trials) and Test (48×8 trials). In the Training session, all targets were presented by rotating the initial cursor
orientation around an axis that was aligned to either an intrinsic or an extrinsic reference frame. The Test session of the
Separate cond. group contained four trial sets with aligned axes followed by four trial sets with misaligned axes. The Test
session of the Mixed cond. group contained eight trial sets with mixed aligned and misaligned axes. In both groups, half of
the trials initiated from two fixed initial hand orientations (o1 and o2 ∈ H1), while the rest had two fixed target orientations
(t1 and t2 ∈ H1). (a) Legend for the different experimental conditions of each trial. (b) The order of the trials in the
Separate cond. group. (c) The order of the trials in the Mixed cond. group.

In the Test session, we split the participants into two groups of seven participants: 257

Mixed cond. and Separate cond. In the Mixed cond. group, all sets consisted of 24 258

trials in which the targets were rotated around an axis aligned with either an extrinsic 259

or an intrinsic reference frame, and another 24 trials in which the rotation axes were 260

misaligned with either one of these frames. In the Separate cond. group, the first four 261

sets consisted of 48 trials with axes that were aligned to either reference frame, and the 262
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remaining four sets consisted of 48 trials with axes that were misaligned with the 263

reference frames. Throughout the Test session, each participant performed eight 264

repetitions of each trial with the same initial and target orientations. 265

Experiment 2 266

The distribution of the QGS in experiment 1 led us to conclude that 267

orientation-matching movements are generally performed by following a geodesic in H1. 268

This result established a baseline for studying adaptation and generalization of 269

rotation-based perturbation during an orientation-matching task. If we had not seen 270

such evidence of path planning optimization, we would not have been able to compare 271

rotational variables between non-perturbed and perturbed movements. 272

In this experiment, we applied a visuomotor rotation transformation between the 273

rotation of the handle of the robotic manipulator and a three-dimensional cursor. Let 274

qr = cos θr/2 + n̂r sin θr/2 be the visuomotor rotation, where θr = 60° is the 275

perturbation angle and n̂r = î is the perturbation axis. The perturbation angle was 276

chosen such that the effects of adaptation and transfer, if observed, could be large 277

enough compared to the natural variability of human movements [35,36]. We used qr to 278

perturb the extrinsically represented instantaneous axis (n̂δ) to achieve the perturbed 279

instantaneous axis (n̂δ
p) using Eq 2: 280

n̂δ
p = qrn̂

δq−1
r . (13)

The perturbed instantaneous axis is generally a noisy signal and is ill-defined when the 281

angular velocity is low. To avoid noisy visual feedback, we considered a delayed signal, 282

such that qδ
i = qi+Dq−1

i , where D = 80 is the delay in samples. This resulted in a 283

20 [ms] visual delay, which is considered to be unnoticeable [45]. A sudden exposure to 284

the perturbation causes a deviation from the desired visual scene. If one starts with 285

initial orientation qI and matches it to a target qt = cos θt/2 + n̂t sin θt/2 by following 286

a geodesic, then the visuomotor rotation would result in perturbed trajectories: 287

qp,i = coshiθt/2 + qrn̂tq
−1
r sinhiθt/2, (14)
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288

qδ
p,i = cos∆hiθt/2 + qrn̂tq

−1
r sin∆hiθt/2. (15)

One way to compensate for the perturbation is to learn the inverse rotation (q−1
r ) by 289

constructing an internal model of the perturbation. Once built, the internal model can 290

be used to rotate around an inversely rotated axis (n̂c = q−1
r n̂tqr) using a feed-forward 291

control to achieve the desired unperturbed visual scene (qup): 292

qup,i = coshiθt/2 + qrn̂cq
−1
r sinhiθt/2

= coshiθt/2 + qr

(
q−1
r n̂tqr

)
q−1
r sinhiθt/2

= coshiθt/2 + n̂t sinhiθt/2.

(16)

To test whether the inverse rotation was implemented, it is common to remove the 293

perturbation and check for an aftereffect of adaptation while repeating the same task. 294

Assuming the perturbation was fully compensated, a complete aftereffect will result in 295

rotation around an inversely perturbed axis (qip,i = coshiθt/2 + q−1
r n̂tqr sinhiθt/2). If 296

the aftereffect is incomplete (i.e., θt < θr), then the hand would rotate around an axis 297

inversely perturbed by the amount of the aftereffect. If the target is accurately matched, 298

then there is no aftereffect. 299

To probe in which representation the internal model of the perturbation is built, we 300

removed the perturbation after a training phase. We tested for an aftereffect in the 301

transfer of the adaptation to an orthogonal initial hand orientation - the initial 302

orientation used during training rotated 90° around î. As in Eq 16, a transfer could be 303

achieved by learning the inverse rotation (q−1
r ), and applying it on the axis that 304

corresponds to a geodesic starting from the new initial orientation. 305

Thirty right handed volunteers participated in experiment 2 (13 males and 17 306

females, all in the age range of 23-28). All participants signed an informed consent form 307

approved by the Human Participants Research Committee of Ben-Gurion University of 308

the Negev, Beer-Sheva, Israel. The participants were naive with regard to the purpose 309

of the experiments and were reimbursed for their participation. 310

The experiment consisted of 420 trials, in which the participants were required to 311

perform the orientation-matching task with a single, fast hand rotation. Each trial 312

began with the appearance of the target to the left of the cursor. To present the target, 313
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we rotated the initial cursor orientation by 50° around an axis. We considered the 314

movement’s initiation time at the first time stamp in which the angular speed exceeded 315

0.25 [rad/s]. In order to avoid considering unintentional stops as the termination of the 316

movement, we considered the first time stamp in which the angular speed dropped 317

below 0.25 [rad/s], after exceeding 1 [rad/s], to be the movement’s termination. 318

Following each movement, we removed the target and the cursor turned red, while the 319

robotic manipulator autonomously translated and rotated to the initial position and 320

orientation of the subsequent trial using the same controllers as in experiment 1. In 321

order to guide the participants to perform their movements within a desired duration 322

range and to reduce variability in the data, we displayed feedback regarding the 323

duration of the movement. We displayed a “Move Slower” notification if the movement 324

lasted less than 400 [ms] and a “Move faster” notification if it lasted more than 600 [ms]. 325

We displayed an “Exact” notification to the side of the duration feedback if the 326

cursor-to-target angular distance at the time of trial termination was lower than 15°. 327

We displayed a “Perfect” notification if both duration and accuracy conditions were 328

satisfied. Following that, we initiated the next trial when the angular distance between 329

the orientations of the cursor and the next initial orientation decreased below 5° for 330

100 [ms]. Then, we colored the cursor back as before (see Fig 1b), and presented 331

participants with a new target. 332

The experimental protocol, inspired by [8], is summarized in Fig 3. To familiarize 333

participants with the orientation-matching task, they performed 60 familiarization trials 334

without any perturbation (not analyzed). Participants performed the first 30 trials 335

starting from the unrotated state of the hand (o1 = qI ). In the next 30 trials, we 336

rotated the initial orientation by 90° around î (o2 = 1/
√
2 + î/

√
2). The rest of the 337

experiment consisted of three sessions: Baseline (BL), Training (TRN) and Transfer 338

(TFR). In the BL session, participants performed the task for two sets of 60 trials each 339

(BL1 and BL2) without any perturbation. Trials in BL1 started from o1, while trials in 340

BL2 started from o2. In the TRN session, we repeatedly exposed the participants to the 341

visuomotor rotation (as detailed in Eq 13) for three sets of 60 trials with the same 342

initial and target orientations as in BL1. The TFR session was similar to BL2: we 343

abruptly removed the perturbation while testing whether the learning of the 344

perturbation was transferred to a different initial orientation. We provided participants 345
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with a one minute break after each set of trials. 346

(a)

Extrinsic

 Group

Baseline 1

o
1

o
2

Baseline 2 Training

o
1

o
2

Transfer

Rotation Axes

Intrinsic

 Group

(b)

o
1

o
2

o
1

o
2

Control

 Group

(c)

o
1

o
1

o
1

o
1

60°

60°

60°

time

time

time
347

Fig 3. Experimental design and participants groups - experiment 2. All participants performed two sets of 60
baseline trials, three sets of 60 training trials, in which the cursor’s rotation was perturbed by 60° around î, and one set of
60 transfer trials, in which the perturbation was removed. The black rotation axes are drawn with respect to an extrinsic
reference frame. The initial cursor and target orientations in each set of trials are represented by the dark and light hands,
respectively. The colors represent different sessions of BL (BL1 - green, BL2 - orange), TRN (blue) and TFR (pink). (a)
Participants in the Extrinsic group performed all rotations towards similar targets in extrinsic coordinates - we rotated the
initial orientation by 50° around n̂1 = −ĵ/

√
2 + k̂/

√
2 (in extrinsic coordinates). (b) Participants in the Intrinsic group

performed all rotations towards similar targets in intrinsic coordinates - we rotated the initial orientation by 50° around
n̂2 = ĵ/

√
2 + k̂/

√
2 (in intrinsic coordinates). In both groups, trials in BL1 and TRN started from o1, and trials in BL2 and

TFR started from o2. (c) To remove the effect of initial hand orientation, participants in the Control group started all
rotations from o1. The targets in BL1 and TRN were similar to those in BL1 of the Intrinsic group, and the targets in BL2
and TFR were similar to those in BL1 of the Extrinsic group.

To test in which coordinate system the visuomotor rotation was represented, we 348

planned two groups of ten participants: Extrinsic and Intrinsic. In the Extrinsic group, 349

all targets were identical in extrinsic coordinates - we rotated the initial cursor 350

orientation by 50° around n̂1 = −ĵ/
√
2 + k̂/

√
2 using Eq 3 (Fig 3a). In the Intrinsic 351

group, all targets were identical in intrinsic coordinates - we rotated the initial cursor 352
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orientation by 50° around n̂2 = ĵ/
√
2 + k̂/

√
2 using Eq 4 (Fig 3b). One can imagine an 353

extrinsic coordinate system by fixing it on the shoulder, and an intrinsic coordinate 354

system by placing it on the wrist, which rotates as a function of the angles of the joints. 355

The relation between the extrinsic and intrinsic coordinate systems is the hand’s inverse 356

kinematics, which maps the position and the orientation of the wrist to the angles of the 357

hand’s joints. Therefore, if one learns in an intrinsic coordinate system, it could be 358

attributed to learning a new joint configuration. In contrast, if one learns in an extrinsic 359

coordinate system, it could be attributed to learning a new rotation axis in visual 360

coordinates. We chose the target orientations such that the ideal rotation axes (i.e., the 361

axes used when following a geodesic) would be orthogonal between the two groups in 362

BL1 and TRN, but identical in BL2 and TFR. Therefore, a difference between groups in 363

the transfer of adaptation to an orthogonal initial orientation could be associated with 364

the coordinates in which the perturbation was learned. 365

To reveal the coordinate system in which the visuomotor rotation was learned, we 366

rotated the initial hand orientation by 90° around î and tested for transfer of adaptation 367

in each group. However, the ability to separate between the two coordinates requires 368

that the generalization of the perturbation to different directions would be sufficiently 369

narrow. For instance, a wide generalization could cause a false pretense - upon removal 370

of the perturbation, we would observe similar rotations in both groups, but this could 371

be attributed to transfer of adaptation to an orthogonal initial hand orientation in one 372

group and to generalization of adaptation to an orthogonal direction in the other 373

group [22]. Therefore, we planned a control group of ten participants to test to what 374

extent the adaptation generalizes to an orthogonal direction without changing the initial 375

orientation (Fig 3c). 376

The hypotheses for the expected hand rotation in each one of the learning 377

coordinates are depicted in Fig 4. Following two baselines, participants were trained 378

with the perturbation. A possible way to compensate for the visuomotor rotation is to 379

rotate the hand around an axis rotated by the inverse of the visuomotor rotation (Fig 4, 380

Last Training). If the perturbation was learned and generalized to an orthogonal initial 381

hand orientation, it is expected to be transferred in at least one of the learning 382

coordinates (Fig 4, Early Transfer), followed by a full washout (Fig 4, Last Transfer). 383
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384

Fig 4. Hypotheses of learning and generalization of a visuomotor rotation – the case of orientation
matching. The dark and light hands represent the expected initial and final orientations of the hand, respectively. The
black rotation axes are drawn with respect to an extrinsic reference frame. The colors are as in Fig 3. If participants adapt
to the visuomotor rotation while training, their aim is expected to gradually deviate from the ideal BL1 axis in the direction
opposite to that of the perturbation. If participants transfer the perturbation across orthogonal initial orientations, their
aim is expected to deviate in the same direction from the ideal BL2 axis in the first transfer trial. (a)-(b) Extrinsic learning
hypothesis - transfer of learning of an extrinsically represented axis. (c)-(d) Intrinsic learning hypothesis - transfer of
learning of an intrinsically represented axis. The spheres present the hypotheses regarding the hand rotation axis in an
intrinsic reference frame at each key trial. The first TRN axis may deviate from the ideal BL1 axis due to corrections. Axes
which are ideally equal, such as the ideal BL1 and ideal BL2 axes in (d), were separated for better visualization.

Data analysis 385

We recorded the orientations of the handle of the robotic manipulator as rotation 386

matrices at 1 [kHz]. To account for small changes in the sampling rate, we resampled 387

the rotation matrices to a constant 1 [kHz] sampling rate using spherical linear 388

interpolation. Then, we downsampled the matrices to 100 [Hz] and transformed them 389

into quaternions. We computed the angular velocity from the quaternion trajectories 390

and low-pass filtered it at 6 [Hz] with a 4th order zero-lag Butterworth filter using the 391

filtfilt function in MATLAB (The MathWorks, Natick, Massachusetts, USA). 392

We removed trials from the analysis if the participant failed to follow the instructions 393

of the task; for example, trials in which participants used their left hand to correct or 394

support the right hand were removed. Other examples include grasping the handle 395

incorrectly, letting go of the handle and looking away from the three-dimensional viewer. 396
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Experiment 1 397

A total of 37 trials were removed (0.69%), with a maximum of 9 trials per participant 398

(2.34%). We analyzed each trial from the first time stamp in which the angular speed of 399

the hand passed 10% of its maximum until the time stamp in which the cursor-to-target 400

angular distance decreased below 15° for a period of 400 [ms]. We computed the QGS of 401

each trial using Eq 11. 402

Experiment 2 403

A total of 35 trials were removed (0.32%), with a maximum of 8 trials per participant 404

(2.22%). Based on the first experiment, we knew that people tend to follow a geodesic 405

in H1 when asked to reorient a cursor to match a target. Therefore, we were able to 406

quantify a single rotation aiming axis at the time of peak angular speed. We considered 407

the trial initiation time to be the first time stamp in which the angular speed exceeded 408

10% of its maximum. Let {q}Ni=1 be a discrete time, N -sample orientation trajectory of 409

the handle of the robotic manipulator, where qi = cos θi/2 + n̂i sin θi/2. First, to have 410

the initial orientation equal to qI , we rotated each quaternion sample by q1
-1 (see 411

Mathematical formulation section). Then, we defined the aiming axis in each trial: 412

n̂a = argmaxn̂∈R3 ∥ω∥ , (17)

where ω is the angular velocity of the hand. 413

To reduce the variability between participants, for each participant we removed the 414

baseline of the set of aiming axes. To account for the three-dimensional information of 415

the data, we removed the baseline on the sphere as follows. First, we defined the 416

baseline axis, denoted by ⟨n̂a⟩, as the average over the aiming axes of 20 randomly 417

chosen trials out of the last 40 trials in each BL set (their normalized sum). Then, we 418

removed the baseline by rotating all aiming axes by the rotation that brings the baseline 419

axis to the ideal rotation axis (n̂id), i.e., all aiming axes were rotated by an angle 420

arccos (⟨n̂a⟩ · n̂id) around an axis ⟨n̂a⟩×n̂id

∥⟨n̂a⟩×n̂id∥ . 421

In addition to the spherical data analysis, we quantified the aiming angle - a scalar 422

value that estimates the direction of rotation. We defined it as the elevation angle of the 423

aiming axis from a plane spanned by the perturbation axis (n̂r) and the ideal rotation 424
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axis (n̂id); the latter is different between different experimental sessions: 425

Aiming angle = arctan 2

(
n̂a · (n̂r × n̂id) ,

√
(n̂a · n̂r)

2
+ (n̂a · n̂id)

2

)
. (18)

The aiming angle spans between −π/2 and π/2, and it is zero when n̂a = n̂id. This is 426

similar to the aiming angle in studies of two-dimensional translations, that is, the 427

angular distance between the aiming axis and the straight line that connects between 428

the initial position and the target. 429

Statistical analysis 430

Experiment 1 431

The statistical analyses were performed using a custom-written MATLAB code. We 432

used bootstrap to compute the 95% confidence interval (CI) for the median QGS of 433

each participant. The median was chosen as the parameter for central tendency since 434

the scores are skewed (a normal distribution was rejected using Lilliefors test with p = 435

0.001). In the orientation matching task, we considered a deviation from the minimal 436

angular displacement required to match the cursor to the target to be small if it was 437

less than 10°. Therefore, since the average angular displacement between the initial 438

cursor and target orientations was 50°, we considered a rotation as geodetic enough if its 439

QGS was less than 1.2. 440

To determine significant effects of trial conditions on the QGS, we conducted a 441

six-way repeated measures ANOVA test with the QGS as the response variable - one 442

between the participants’ factor of the group (Mixed cond., Separate cond.) and five 443

within the participants’ factors of initial hand orientation (o1, o2), target orientation 444

(t1, t2), axis coordinate system (extrinsic, intrinsic), axis alignment (aligned, 445

misaligned) and rotation axis (see Table 1). We checked for the main effect, as well as 446

for first order interactions. Prior to the analysis, the scores were transformed using 447

log10 to reduce deviation from normality. Significant effects were defined as those with a 448

probability level of p < 0.05. The effect size is reported using partial eta-squared (η2p) 449

for the ANOVA test. Since none of the factors were found to be significant, we did not 450

apply further multiple comparisons within and between factors. 451
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Experiment 2 452

We used two statistical approaches to quantify learning and generalization effects. In 453

both approaches we analyzed single trials, including the last BL1 and BL2 trials (60 and 454

120), the first and last TRN trials (121 and 300), and the first and last TFR trials (301 455

and 360). We analyzed single trials (instead of average over a sequence of trials) to 456

avoid missing effects of learning, since a visual examination of the adaptation curves 457

implied that the learning was fast. To test for the effect of first exposure to the 458

perturbation, we compared between the last BL1 and first TRN trials (60 and 121). To 459

test if the participants fully adapted to the perturbation, we compared between the last 460

BL1 and last TRN trials (60 and 300). To quantify the extent of adaptation, we 461

compared between the first and last TRN trials (121 and 300). To test for transfer of 462

adaptation, we compared between the last BL2 and first TFR trials (120 and 301). To 463

test if the transfer was fully washed out, we compared between the last BL2 and last 464

TFR trials (120 and 360), as well as the first and last TFR trials (301 and 360). Then, 465

we compared within key trials between groups. We tested for differences in the first 466

TRN trial (trial 121) and the last TRN trial (trial 300). Furthermore, to reveal the 467

coordinates of learning, we compared between groups, and specifically between the 468

Intrinsic and Extrinsic groups in the first TFR trial (trial 301). When comparing the 469

first transfer behaviour between groups, we performed another analysis - we averaged 470

over the first three TFR trials of each participant to be able to reduce effects that 471

vanish fast. Lastly, we tested for differences in the last TFR trial (trial 360). Significant 472

effects were defined as those with a probability level of p < 0.05. 473

In the spherical data analysis, we used the ’Directional’ package in R [46] to analyze 474

differences in the baseline corrected aiming axes. We assumed that the axes are sampled 475

from a symmetric distribution around a mean direction (µ) with a concentration 476

parameter (κ). To test for the equality of mean directions of two samples of aiming 477

axes, we used a non-equal concentration parameters approach for a one-way spherical 478

ANOVA test. Additionally, to test whether an axis could be considered the mean of a 479

sample, we used a log-likelihood ratio test with bootstrap calibration. 480

In the scalar aiming angle analysis, we quantified adaptation and transfer of learning 481

by comparing aiming angles of the six key trials. The aiming angle is a non-periodic 482
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scalar variable that does not require any spherical treatment. Therefore, we performed a 483

two-way mixed model repeated measures ANOVA test with the aiming angle as the 484

response variable, one between the participants’ factor of the group (Extrinsic, Intrinsic, 485

Control) and one within the participants’ factor of the trial (60, 120, 121, 300, 301, 360). 486

When significant effects were found, we performed the planned comparisons using a t 487

test with Bonferroni’s correction. The effect size is reported using partial eta-squared 488

(η2p) for the ANOVA test and Cohen’s d for all t tests. 489

Results 490

Experiment 1 491

In the orientation-matching experiment, we studied whether participants performed 492

geodetic hand rotations in quaternion space. Participants were requested to match the 493

orientation of a three-dimensional virtual cursor to that of an oriented target using a 494

robotic handle. We quantified the geodicity of the movement using the QGS. Fig 5 495

depicts the results of two trials with the same initial cursor orientation and target 496

orientation - one geodetic rotation (Fig 5a) and one non-geodetic rotation (Fig 5b). 497

Presented are the paths of an intrinsic reference frame that is attached to the robotic 498

handle, the angular velocity profiles used to follow these paths, and the instantaneous 499

axis paths (n̂δ). In the intrinsic frame path, the circles enclose caps with angular 500

apertures of 5° and 15° that define the accepted range for the hand’s orientations at the 501

initiation and the termination of the movement (see the Procedure and protocol section 502

for details). While both participants matched the cursor to the target with sufficient 503

proximity, the geodesic (QGS = 1.08) followed a shorter path compared to the 504

non-geodesic (QGS = 4.2), rotated more smoothly and its instantaneous axis varied less. 505

506
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Fig 5. Examples of a geodesic and a non-geodesic. The left column shows the path of the intrinsic reference frame
that is attached to the robotic handle (x̂ - red, ŷ - green and ẑ - blue). The circles enclose caps that define the accepted
range for the hand’s orientation at the initiation of the movement (small cap with angular aperture of 5°) and at its
termination (large cap with angular aperture of 15°). The black curves describe the geodesic between the initial cursor
orientation and the target orientation. The middle column shows the angular velocity profile used to follow the orientation
path and the right column describes the path of the instantaneous rotation axis as black dots. To emphasize fast segments,
the size of the black dots is scaled in proportion to the angular speed. The ideal rotation axis is shown in red. (a) The
trajectory of the intrinsic frame of a geodesic follows a short path on the sphere and is characterized by a smooth angular
velocity profile and a concentrated instantaneous axis path. (b) The trajectory of the intrinsic frame of a non-geodesic
follows a longer path on the sphere compared to that of the geodesic and is characterized by a fragmented angular velocity
profile and a dispersed instantaneous axis path. In both examples, the initial cursor orientations and the target orientations
were identical.

Participants tended to follow a geodesic in quaternion space. The median 508

was chosen to account for the central tendency of the QGS since it is skewed (skewness 509

= 4.57, bootstrap 95% CI = [3.16, 6.32]). When asked to match the orientation of the 510

cursor to the target, most of the participants performed geodetic rotations in most of 511

the trials (Fig 6), i.e., their movements mostly resembled Fig 5a rather than Fig 5b. 512

Only four participants had scores with a median 95% CI above the 1.2 threshold that 513

we set for geodesics. Out of the rest, the CIs of eight participants fell below 1.2, as they 514

mostly performed geodetic rotations and the CIs of two were inconclusive. The fact that 515

most rotations followed geodesics suggests that hand rotations are centrally controlled, 516
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similarly to translations, possibly by optimizing geometrical properties of the 517

orientation path. Yet, this control may not be perfect, as indicated by the large 518

variability of the QGS, as opposed to low variability observed in planar reaching [36]. 519

QGS - lowest 80%

QGS - highest 20%

95% CI

520

Fig 6. Median QGS and 95% bootstrap CI. Most of the participants performed geodetic hand rotations as indicated
by the low 95% CI of the median QGS for eight of the fourteen participants (p3 - p7, p10, p11 and p13). Yet, four
participants deviated largely from geodesics (p1, p2, p9 and p12), while the rest gave indecisive results (p8 and p14). For
visualization purpose, the lowest 80% of all scores are scattered in blue along 80% of the vertical axis, and the highest 20%
of all scores are scattered in orange along the remaining 20% of the vertical axis. While both ranges are linearly scaled, the
gap between values is different. The gray bars start from QGS = 1 (the lower range of the region of interest), and end at
the median of the scores of all trials for each participant. The error bars mark the bootstrap 95% CI for the median. The
dashed gray line at QGS = 1.2 is the upper limit of the region of interest.
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The QGS is robust to changes in the conditions of the task. A six-way 521

repeated measures ANOVA test was used to find significant effects of the experimental 522

factors on the log10-transformed QGS. The statistical analysis did not reveal a 523

significant main effect of the group (F1,1 = 0.96, p = 0.51, η2p = 0.49), the initial hand 524

orientation (F2,2 = 0.88, p = 0.53, η2p = 0.47), the target orientation (F2,2 = 16.97, p = 525

0.06, η2p = 0.94), the alignment (F1,1 = 0.11, p = 0.79, η2p = 0.1), the axis coordinate 526

system (F1,1 = 3.17, p = 0.33, η2p = 0.76), and the rotation axis (F5,5 = 1.71, p = 0.29, 527

η2p = 0.63). Additionally, we did not find significant effects of the interaction between 528

the group and the initial hand orientation (F2,2 = 3.52, p = 0.22, η2p = 0.78), the group 529

and the target orientation (F2,2 = 0.14, p = 0.88, η2p = 0.12), the group and the 530

alignment (F1,1 = 0.31, p = 0.68, η2p = 0.23), the group and the axis coordinate system 531

(F1,1 = 0.06, p = 0.84, η2p = 0.06), and the group and the rotation axis (F5,5 = 1.03, p 532

= 0.49, η2p = 0.51). The fact that the QGS was not affected by any of these factors 533

suggests that it reflects a robust motor invariant that is controlled by the sensorimotor 534

system. Moreover, the lack of strong reliance of the QGS on the alignment with either 535

intrinsic or extrinsic reference frames does not suggest that the orientation of a rigid 536

body is centrally represented using Euler angles. 537

Experiment 2 538

In the visuomotor rotation adaptation experiment, we studied adaptation and 539

generalization of a visual perturbation applied to the rotation of the cursor during an 540

orientation-matching task. Following two baseline sets with veridical visual feedback 541

and orthogonal initial hand orientations, participants were exposed to a remapping of 542

the rotation of their hand by a 60° rotation. Then, by removing the perturbation and 543

changing the initial hand orientation, we tested if participants learned in extrinsic or 544

intrinsic coordinates. Fig 7 depicts the aiming axes and angles of an individual 545

participant in the Extrinsic group. The participant had adapted by the end of the TRN 546

session and transferred this adaptation to the orthogonal initial orientation when the 547

perturbation was removed (Fig 7c-d). In the remainder of this section, all aiming axes 548

are written and drawn in an intrinsic reference frame. 549
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Fig 7. Aiming axes and angles of a single participant in the Extrinsic group. The colors are as in Fig 3. (a) The
course of the aiming axes. The last TRN axis and the first TFR axis are marked as a square and a triangle, respectively. (b)
The time course of the aiming angles. The dashed lines separate between the different sets of trials, and the continuous lines
indicate the ideal aiming angle at the BL sessions and the aiming angle required for full adaptation at the TRN session. (c)
The rotation axes of the quaternion path in the last TRN trial. The extent of adaptation is the length of the arc that
connects between the ideal BL1 axis and the aiming axis (square). (d) The rotation axes of the quaternion path in the first
TFR trial. The extent of transfer is the length of the arc that connects between the ideal BL2 axis and the aiming axis
(triangle). To emphasize fast rotation samples, the size of the dots is scaled in proportion to the angular speed in (c) and (d).

Participants partially adapted to the perturbation. Fig 8 depicts the course 551

of the aiming axes and the time course of the aiming angles averaged across the ten 552

participants in each group. To check for the effect of the initial exposure to the 553

perturbation, we compared the aiming axes of the last BL1 trial with that of the first 554

TRN trial (Fig 8a). Since the aiming axis does not reflect an error, we did not expect it 555

to immediately change. Nevertheless, since we provided participants with continuous 556

visual feedback, the appearance of the perturbation could have caused them to correct 557

their movement, rather than rotate along a geodesic, which affects the aiming axis. In 558

the Intrinsic and Control groups, we did not find a significant difference (Intrinsic: χ2
2 = 559

1.3, p = 0.52, Control: χ2
2 = 1.2, p = 0.55). On the other hand, the initial exposure to 560

the perturbation in the Extrinsic group caused a deviation from the last BL1 aiming 561

axis, possibly due to corrections (χ2
2 = 17.9, p < 0.001). Another way to test the effect 562

of the initial exposure is to check whether the ideal BL1 axis could be considered as the 563
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mean of the aiming axes in the first TRN trial. In accordance with the former result, we 564

did not reject this hypothesis in the Intrinsic and Control groups, but we did reject it in 565

the Extrinsic group (Extrinsic: µ = 0.09̂i - 0.41̂j + 0.91k̂, κ = 33, p = 0.01, Intrinsic: µ 566

= - 0.11̂i + 0.72̂j + 0.68k̂, κ = 6.64, p = 0.636, Control: µ = -0.05̂i + 0.68ĵ + 0.73k̂, κ 567

= 9.58, p = 0.86). Therefore, we conclude that the participants mostly did not adapt in 568

their first trial with the visuomotor rotation as expected, although some showed signs of 569

correction attempts. 570
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Fig 8. Average aiming axes and angles of all groups in experiment 2. The average aiming axes are consistent with
a representation of the partially learned perturbation in extrinsic coordinates and with a narrow generalization to different
targets. The colors are as in Fig 3. (a) The course of the aiming axes (dots) averaged over participants in each group, and
the ideal axis (arrows) in each session. (b) The time course of the aiming angles (dots) averaged over participants and
standard error (dark shading) in each group. The light curves show the time courses of the aiming angles of each participant.
The dashed lines separate between the different sets of trials. (c) The aiming angles of all participants (dots) in each of the
key trials (60, 120, 121, 300, 301, 360). The bars and error bars are the mean ± standard error. *p < 0.05, **p < 0.001.

To check if the participants adapted, we tested whether and how they changed the 572

aiming axis from the first to the last TRN trials (Fig 8a). In motor learning of 573

visoumotor rotation, adaptation is often associated with movement in the direction 574

opposite to the direction of the perturbation. Accordingly, we observed a similar effect 575

that indicates adaptation (Extrinsic: χ2
2 = 24.69, p < 0.001, Intrinsic: χ2

2 = 24.13, p < 576

0.001, Control: χ2
2 = 33.97, p < 0.001). 577
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Yet, the participants did not fully adapt. To show that, we rotated the aiming axes 578

of the last BL1 trial by -60° around the perturbation axis (̂i) and found that they were 579

significantly different from those of the last TRN trial (Extrinsic: χ2
2 = 42.27, p <0.001, 580

Intrinsic: χ2
2 = 23.23, p < 0.001, Control: χ2

2 = 37.7, p <0.001). Moreover, we rejected 581

the hypothesis that the mean of the aiming axes in the last TRN trial is the ideal BL1 582

axis rotated -60° around î (Extrinsic: µ = 0.13̂i - 0.02ĵ + 0.99k̂, κ = 31.22, p = 0.04, 583

Intrinsic: µ = 0.1̂i+0.99ĵ + 0.09k̂, κ = 53.79, p = 0.001, Control: µ = 0.08̂i + 0.99ĵ + 584

0.11k̂, κ = 29.61, p = 0.01). In fact, by the end of the TRN session, participants in the 585

Extrinsic group rotated on average around an axis near the flexion-extension axis (k̂), 586

while participants in the Intrinsic and Control groups rotated on average around an axis 587

near the radial-ulnar axis (̂j). This ∼90° difference in the aiming axes between the 588

Extrinsic group and the Intrinsic and Control groups is expected because the initial 589

orientations were orthogonal as well. 590

The perturbation was generalized to an orthogonal initial hand 591

orientation when participants trained and transferred towards the same 592

target in extrinsic coordinates. To check for the generalization of the perturbation, 593

we changed the initial orientation of the hand in the Extrinsic and Intrinsic groups and 594

removed the perturbation. We designed the TFR trials such that participants in both 595

groups were instructed to perform the task from the same initial orientation towards the 596

same target. Thus, a different behaviour upon removal of the perturbation could reveal 597

the coordinates in which the perturbation was represented in the process of adaptation. 598

To check whether the adaptation was transferred, we compared the aiming axes in the 599

last BL2 trial and the first TFR trial. If participants did transfer the adaptation to 600

some extent, then upon removal of the perturbation we expected them to change their 601

aiming axis compared to the last BL2 trial in the direction opposite to the direction of 602

the perturbation. This was indeed the case for participants in the Extrinsic group, 603

which showed a clear significant transfer (Fig 8a, top, χ2
2 = 38.12, p < 0.001), as 604

opposed to participants in the Intrinsic group (Fig 8a, middle, χ2
2 = 0.83, p = 0.66). 605

Accordingly, we rejected the possibility that the ideal axis of BL2 is the mean of the 606

aiming axes in the first TFR trial in the Extrinsic group, but we did not reject it in the 607

Intrinsic group (Extrinsic: µ = - 0.04̂i + 0.93̂j + 0.36k̂, κ = 35.22, p = 0.002, Intrinsic: 608

µ = - 0.04̂i + 0.8̂j + 0.6k̂, κ = 11.56, p = 0.38). This result indicates that, on average, 609
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the adaptation was represented in extrinsic, rather than intrinsic, coordinates. 610

However, participants in the Extrinsic group did not transfer the full extent of 611

adaptation, as indicated by the comparison of the aiming axes in the first TFR trial 612

with those of the last TRN trial rotated -90° around î (χ2
2 = 22.35, p <0.001). This was 613

somewhat unexpected. Indeed, we did not expect to see a complete 60° transfer, but we 614

did expect to see the full extent of adaptation transferred. 615

Following the first TFR trial, the participants in the Extrinsic group gradually 616

reversed their aiming axis until the last TFR trial (χ2
2 = 23.25, p <0.001). In fact, they 617

regained BL2 behaviour, as indicated by a comparison of the aiming axes in the last 618

BL2 trial and last TFR trial (χ2
2 = 1.11, p = 0.57). Moreover, the mean of the aiming 619

axes in the last TFR trial could indeed be the ideal BL2 axis (µ = 0.03̂i + 0.72ĵ + 620

0.69k̂, κ = 29.22, p = 0.74). Interestingly, it took participants more trials to regain BL2 621

behavior during TFR than to adapt during TRN. As expected, participants in the 622

Intrinsic group did not significantly change their aiming axis throughout the TFR 623

session (χ2
2 = 2.13, p = 0.34). By the end of the TFR session, the participants aimed 624

near the ideal axis of BL2, as it did not significantly differ from the mean of their 625

aiming axes (µ = 0.09̂i + 0.73ĵ + 0.68k̂, κ = 39.32, p = 0.22). 626

The perturbation was not generalized to an orthogonal target starting 627

from the same initial orientation. Our ability to determine whether the 628

representation is consistent with one coordinate system rather than another relied on 629

the fact that the generalization of the perturbation to other target directions was 630

narrow enough. For that reason, the control group was set to determine the extent of 631

generalization starting from a single initial orientation. We did not observe an 632

aftereffect of adaptation to an orthogonal target (Fig 8a, bottom). Surprisingly, we 633

observed a slight difference in the aiming axis between the last BL2 trial and the first 634

TFR trial in the direction of the perturbation (χ2
2 = 5.56, p = 0.06). That said, the 635

ideal BL2 axis did not significantly differ from the mean of aiming axes in the first TFR 636

trial (µ = - 0.01̂i - 0.8ĵ + 0.6k̂, κ = 22.84, p = 0.19). Additionally, no change was 637

observed throughout the TFR session (χ2
2 = 0.52, p = 0.77). This result characterizes 638

the visuomotor rotation as having a narrow generalization to different target directions. 639

The groups differed only in the transfer behavior. To check for differences 640

between groups, we tested whether participants from different groups aimed differently 641
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in key trials. Since the targets in sessions of different groups were orthogonal, and in 642

order to be able to compare the aiming axes, we rotated the aiming axes in the BL1 and 643

TRN trials of the Extrinsic group and the aiming axes in the BL2 and TFR trials of the 644

Control group by -90° around î. Participants in different groups responded differently to 645

the initial exposure to the perturbation (χ2
4 = 16.84, p = 0.002), possibly due to 646

correction attempts performed by some of the participants in the Extrinsic group 647

(Extrinsic vs. Intrinsic: χ2
4 = 10.36, p = 0.006, Extrinsic vs. Control: χ2

4 = 13.19, p = 648

0.001, Intrinsic vs. Control: χ2
4 = 0.52, p = 0.79). Nevertheless, by the end of the TRN 649

session, participants in all groups used similar strategies by adapting a new aiming axis 650

(χ2
4 = 1.71, p = 0.78). In contrast, when the perturbation was removed and participants 651

transferred to a new initial hand orientation, different groups utilized different strategies 652

(χ2
4 = 39.36, p <0.001). This is mainly due to the difference between participants in the 653

Extrinsic and Control groups (χ2
2 = 39.16, p <0.001), but also due to a non-significant, 654

yet non-negligible, differences between participants in the Intrinsic and both the 655

Extrinsic and Control groups (Intrinsic vs. Extrinsic: χ2
2 = 5.54, p = 0.06, Intrinsic vs. 656

Control: χ2
2 = 5.19, p = 0.07). 657

The lack of significant difference between the Extrinsic and Intrinsic groups is due to 658

the small concentration of the aiming axes in the first TFR trial in the Intrinsic group 659

(κ = 11.56) compared to that of the Extrinsic group (κ = 35.22). Furthermore, it 660

implies that while some participants in the Intrinsic group did not show transfer of 661

adaptation to either direction, others did, which suggests a possible model of learning in 662

mixed coordinates. Nevertheless, this effect vanished fast. To show that, we averaged 663

the aiming axes in the first three TFR trials of each participant and repeated the 664

comparison, which yielded a clear distinction between the Extrinsic group and both the 665

Intrinsic and Control groups (Extrinsic vs. Intrinsic: χ2
2 = 13.49, p = 0.001, Extrinsic 666

vs. Control: χ2
2 = 49.4, p <0.001, Intrinsic vs. Control: χ2

2 = 6.85, p = 0.03). By the 667

end of the TFR session, no significant difference in the aiming axes was observed 668

between groups (χ2
4 = 7.42, p = 0.11). 669

The analysis of the aiming angles (Fig 8b-c) is described in S1 Appendix A. 670

Importantly, the analysis gave similar results in all statistical comparisons, which 671

reinforces the results reported here. 672
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Discussion 673

In our first experiment, we presented a novel approach for the analysis of the 674

orientation path of a manipulated virtual rigid body, and used it to quantify the 675

geodicity of rotations in an orientation-matching task. By considering geodesics in H1, 676

we showed that most of the participants tended to perform geodetic hand rotations. 677

This means that they closely followed the great arc connecting the initial and final 678

orientations of the hand. Nevertheless, a few participants performed non-geodetic 679

orientation-matching movements, and the results of a few others were indecisive. The 680

large variability within the participants and the small (but non-negligible) deviations 681

from geodesics could be attributed to a few factors, including central planning. They 682

could also be due to neuromuscular noise [36], as is evident from the dominance of 683

stiffness in wrist rotation [35]. We also tested for the effect of task factors specifying the 684

initial hand and target orientations. Our results indicated that manipulating these 685

factors had only a small effect on the geodicity. Taken together, these results imply that 686

the orientation of the hand is under kinematic control, yet the control is imperfect. 687

Our computational analysis design is based on the assumption that the nervous 688

system represents the orientation of three-dimensional rigid bodies as quaternions. 689

However, other representations are possible, such as Euler angles. The current 690

experiment does not allow for differentiating between Euler angles and quaternion 691

representations. We chose the quaternions because they provide a convenient 692

computational framework that facilitates further studies, as we showed in the second 693

experiment. 694

Previous studies that focused on the control of orientation investigated similar 695

rotational movements, but most of them applied joint constraints [35–41]. In our 696

orientation matching task, the participants were free to use all the degrees of freedom of 697

their arm. In another study, the use of a mobile phone instead of a robotic device 698

removed any joint constraint [42], yet it did not provide realistic three-dimensional 699

visual feedback of the controlled phone. Instead, the orientation of the phone was 700

projected onto the position of a point cursor. In contrast, we provided three-dimensional 701

visual feedback. This made the task more natural, but also challenging to complete, as 702

it required three-dimensional shape perception concurrent with object manipulation. 703
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This added complexity may have increased the variability of the orientation paths. 704

In our second experiment we tested whether or not participants are capable of 705

compensating for visual perturbation applied on their hand’s rotation. We observed a 706

fast, yet partial, adaptation in all the groups in the study. This was in contrast to what 707

is known about adaptation to a visuomotor rotation with continuous visual feedback in 708

point-to-point movements: the adaptation is typically fast [47], but it is usually almost 709

fully compensated [8, 22]. Early works found hints of separate mechanisms for the 710

control of orientation compared to translation [29, 30, 33, 48, 49], and our results provide 711

additional support for the idea of separate control of orientation and translation. 712

However, we set the performance error of success at 15°; thus it could be expected that 713

participants would adapt to no more than 45°, which was indeed the case (see S1 714

Appendix A for details). 715

Studies of planar translational movements have proposed that the adaptation 716

process is composed of two components: implicit and explicit. An implicit process is an 717

involuntary response to sensory prediction error [50] (i.e., the difference between the 718

predicted and actual sensory outcome of a given motor command). An explicit process 719

is an aware process in response to a performance error [18] (i.e., a signal that indicates 720

task success or failure [51]) by deliberately re-aiming the hand such that it intentionally 721

moves to a location that is distinct from the location of the target [52]. It was proposed 722

that explicit processes are fast compared to implicit processes [53]. Adapting purely 723

explicitly could explain the very fast, yet partial, adaptation that was observed in all 724

the groups of our study. However, such an absence of an implicit process contradicts the 725

establishment of an internal model used to counteract the perturbation, which is clearly 726

evident from the transfer of adaptation observed in participants who trained and 727

transferred to the same extrinsic target. Furthermore, the slow washout compared to 728

the fast initial adaptation could not be explained purely by acting explicitly. Although 729

implicit and explicit learning are separate processes [54], they may work concurrently or 730

may be activated in a different phase of adaptation, which could explain the apparent 731

contradiction between fast adaptation and slow washout that we observed in the current 732

study. In future studies, the contribution of implicit and explicit learning may be tested 733

using several methods, including clamped feedback [51], delayed feedback [55], limited 734

reaction time [56] and aim reporting [54]. 735
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Our results showed that participants succeeded in compensating for visuomotor 736

rotation; this raised the question of whether they learned the perturbation in extrinsic 737

or intrinsic coordinates. We observed a transfer of the adaptation when participants in 738

the Extrinsic group transferred into a different initial hand orientation. Together with 739

the absence of transfer in the Intrinsic group, it is implied that the learning occurred 740

within an extrinsic coordinate system, rather than in an intrinsic one or in a 741

combination of both. This result suggests that the visuomotor rotation alters the 742

transformation remapping the hand’s orientation in extrinsic coordinates onto its 743

intrinsic coordinates, i.e., inverse kinematics, rather than the mapping between the 744

intrinsic representation of the orientation and the muscle activation required to make 745

successful rotations. Our result is in agreement with the extrinsic encoding of arm 746

kinematics observed in translation movements [4, 5, 18,22]. However, the variability in 747

the aiming axes in the first TFR trial of the Intrinsic group may indicate a mixed 748

coordinate model, as previously suggested in reaching movements [24]. This is less likely 749

given our data since the effect vanished fast. Future work is needed to establish a 750

deeper understanding, possibly by performing dense sampling of the generalization 751

function to different targets in each of the initial orientations [23]. 752

While our results suggest that humans represent the orientation of rigid bodies that 753

are manipulated by the hand in extrinsic coordinates, previous studies have suggested 754

that cognitive perception may change these coordinates [16]. One way to test this 755

hypothesis is to associate the controlled cursor with either one of the reference frames 756

during adaptation and test for the effect on the transfer of the adaptation. This could 757

possibly be done by attaching a three-axis frame to the cursor, or by showing the entire 758

arm in the experimental scene rather than just the manipulated object. 759

Beyond pure theoretical interest, movement representations have important practical 760

implications in many fields. One such field is teleoperation. During teleoperation, users 761

manipulate a leading robotic manipulator to control the movement of a follower 762

manipulator. The follower is usually viewed through one or more cameras. Controlling 763

the follower primarily requires that the user plan a desired movement in the follower’s 764

reference frame. Then, to determine the required motion of the leader device, the user 765

must be able to transform that frame into the leader’s reference frame. This mental 766

transformation becomes difficult when the frames are misaligned [37], potentially 767
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affecting the performance of the user [57]. Our results contribute to a deeper 768

understanding of how humans may represent and compensate for visual remapping in 769

teleoperation systems. Moreover, they highlight the importance of appropriate planning 770

of the rotational workspace [58]. The visuomotor rotation discussed in this paper is 771

relevant for robotic teleoperation if the leader-follower frames or camera viewpoint are 772

misaligned due to failures of the operator to control the camera viewpoint, misreading 773

by sensors, or an incorrect kinematic model of the robot [49,59–62]. The previously 774

reported difficulty in compensating for such distortions [49] is consistent with the 775

partial adaptation that we observed in our visuomotor rotation experiment. 776

Additionally, our novel rotation-based visual perturbation has implications in the 777

field of neurorehabilitation. Robotic neurorehabilitation utilizes motor tasks to induce 778

neural plasticity that will improve motor function and help in recovery from post injury 779

loss of motor abilities [63,64]. For example, a recent study demonstrated the ability to 780

personalize robotic rehabilitation training and monitor motor improvement in reaching 781

by linking it to visuomotor adaptation [65]. However, there have also been many reports 782

concerning the lack of generalization from such oversimplified movements to activities of 783

daily living [66]. Perturbation of rotational variables could be another approach that 784

would lead to motor improvement in patients with wrist rotation dysfunction, and could 785

be included in recovery treatment schedules [36,37]. However, previous attempts 786

translated wrist rotations into movements of a planar cursor, and it is possible that 787

manipulation of realistic objects with three degrees of freedom , as implemented in the 788

current study, could contribute to better generalization to real-life activities. 789

Conclusions 790

The experiments reported here established a basic understanding regarding the control 791

of the orientation of rigid bodies. We characterized orientation-matching movements by 792

their geodicity in H1, and found evidence of kinematic control. We also studied 793

adaptation to a visuomotor rotation applied on the rotation of the hand, rather than on 794

its translation. We found that the sensorimotor system adapts to this visuomotor 795

perturbation, probably by forming an extrinsic representation of the new mapping 796

between the orientation of the hand and the orientation of the controlled object, and 797

May 26, 2022 35/45

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 29, 2022. ; https://doi.org/10.1101/2022.05.26.493565doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.26.493565
http://creativecommons.org/licenses/by/4.0/


uses it to compensate for the visuomotor rotation. Understanding the control of the 798

orientation of objects is an important and insufficiently studied aspect of the control of 799

movement, with many practical applications such as the control of human-centered 800

teleoperation systems and neurorehabilitation. 801

Supporting information 802

S1 Appendix A. Statistical analysis of the aiming angle 803

The time course of the aiming angles, averaged across participants, is depicted in 804

Fig 8b. We performed a two-way mixed model ANOVA test to identify significant 805

statistical differences in the aiming angles between participants from three different 806

groups (Extrinsic, Intrinsic, Control) and between key trials within the groups (60, 120, 807

121, 300, 301, 360). The individual data, as well as the mean aiming angles, are 808

depicted in Fig 8c. The statistical analysis disclosed a significant main effect of the 809

group, the trial and their interaction (Group: F2,27 = 7.81, p = 0.002, η2p = 0.36, Trial: 810

F5,135 = 34.81, p < 0.001, η2p = 0.56, Group×trial: F10,135 = 2.36, p = 0.01, η2p = 0.15). 811

The multiple comparison analyses did not reveal significant changes in the aiming 812

angle when the perturbation was first applied, compared to the end of the BL1 session 813

in all groups, although a large effect was observed in the Extrinsic group (Extrinsic: t27 814

= 1.69, p = 1, d = 0.89, Intrinsic: t27 = 0.24, p = 1, d = 0.06, Control: t27 = 0.64, p = 815

1, d = 0.21). As expected, the aiming angle increased throughout the TRN session in all 816

groups (Extrinsic: t27 = 3.3, p = 0.04, d = 1.41, Intrinsic: t27 = 5.67, p < 0.001, d = 817

1.4, Control: t27 = 5.99, p < 0.001, d = 2.09), yet a complete 60° change from the ideal 818

BL1 axis was not achieved (Extrinsic: 42.95°, Intrinsic: 38.98°, Control: 38°). When 819

transferred to an orthogonal initial hand orientation, participants in the Extrinsic group 820

deviated in the direction opposite to the perturbation compared to the end of the BL2 821

session, as opposed to participants in the Intrinsic group (Extrinsic: t27 = 4.19, p = 822

0.004, d = 1.69, Intrinsic: t27 = 0.22, p = 1, d = 0.05). This shows that participants 823

adapted to the perturbation by rotating around a new axis in extrinsic coordinates. In 824

addition, we did not observe an aftereffect of adaptation in the Control group, which 825

indicates that the visuomotor rotation was not generalized to an orthogonally oriented 826

target (t27 = 1.67, p = 1, d = 0.72). By the end of the TFR session, participants in all 827
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groups behaved as in BL2 (Extrinsic: t27 = 0.87, p = 1, d = 0.23, Intrinsic: t27 = 0.006, 828

p = 1, d = 0.002, Control: t27 = 1.39, p = 1, d = 0.52). As such, the aiming angles in 829

the Extrinsic group were reduced between the first and last TFR trials, while the 830

aiming angles in the Intrinsic and Control groups did not change significantly (Extrinsic: 831

t27 = 3.18, p = 0.05, d = 1.08, Intrinsic: t27 = 0.21, p = 1, d = 0.05, Control: t27 = 832

0.34, p = 1, d = 0.15). 833

The groups differed only in the first TFR trial, although a non-significant difference 834

was observed between the Extrinsic and Intrinsic groups (Extrinsic vs. Intrinsic: t27 = 835

2.18, p = 0.11, d = 0.9, Extrinsic vs. Control: t27 = 3.63, p = 0.003, d = 2, Intrinsic vs. 836

Control: t27 = 1.45, p = 0.47, d = 0.61). The lack of any clear distinction between the 837

Extrinsic and Intrinsic groups raises the possibility of a mixed coordinates model. 838

However, the large effect size (d = 0.9) challenges this hypothesis. Moreover, this effect 839

vanishes fast, as a similar analysis on the average of the first three TFR aiming axes 840

successfully distinguished between the Extrinsic and both the Intrinsic and Control 841

groups, but not between the Intrinsic and Control groups (Extrinsic vs. Intrinsic: t27 = 842

3.19, p = 0.01, d = 1.44, Extrinsic vs. Control: t27 = 5.61, p < 0.001, d = 2.83, 843

Intrinsic vs. Control: t27 = 2.41, p = 0.07, d = 0.97). 844

All other comparisons between groups yielded p > 0.05. There was no significant 845

difference in the last BL1 trial (Extrinsic vs. Intrinsic: t27 = 1.83, p = 0.23, d = 0.74, 846

Extrinsic vs. Control: t27 = 0.88, p = 1, d = 0.59, Intrinsic vs. Control: t27 = 0.95, p 847

= 1, d = 0.37), the last BL2 trial (Extrinsic vs. Intrinsic: t27 = 1.33, p = 0.58, d = 848

0.52, Extrinsic vs. Control: t27 = 1.16, p = 0.76, d = 0.54, Intrinsic vs. Control: t27 = 849

0.16, p = 1, d = 0.08), the first TRN trial (Extrinsic vs. Intrinsic: t27 = 2.17, p = 0.11, 850

d = 1.01, Extrinsic vs. Control: t27 = 2.51, p = 0.06, d = 1.28, Intrinsic vs. Control: 851

t27 = 0.34, p = 1, d = 0.13), the last TRN trial (Extrinsic vs. Intrinsic: t27 = 0.72, p = 852

1, d = 0.33, Extrinsic vs. Control: t27 = 0.89, p = 1, d = 0.34, Intrinsic vs. Control: t27 853

= 0.18, p = 1, d = 0.09) and the last TFR trial (Extrinsic vs. Intrinsic: t27 = 0.12, p = 854

1, d = 1.01, Extrinsic vs. Control: t27 = 1.2, p = 0.71, d = 0.51, Intrinsic vs. Control: 855

t27 = 1.32, p = 0.58, d = 0.62). 856
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