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Significant Impact of Environment Stiffness and Joint
Proximity on Sensory Integration of Position and Force
Feedback
A.G.L. Engelen, 4869397
Supervisor: Dr. ir. W. Mugge

During human motor control, sensory information is integrated, and the influence of each cue depends on its variance.
Sensory weighting within the proprioceptive system, specifically between force and position feedback, including its
stiffness dependency, has been demonstrated for the shoulder and digits. Both studies encompass upper limb joints,
but the impact of joint proximity on sensory integration remains unknown. In this study, we analyzed isolated vertical
reaching movements of the wrist (palmar flexion), elbow (flexion), and shoulder (retroflexion) using a haptic robotic
manipulator. We varied the stiffness constant of a virtual spring (15 N/rad, 50 N/rad, 80 N/rad) to assess the influence
of environment stiffness on participants’ ability to blindly reproduce a target force. A nonlinear spring was introduced to
reveal the weighting strategy between force and position feedback. Differences in force and position when participants
unknowingly operated in the nonlinear environment, compared to the linear environment, allowed us to calculate the
weights of both feedback cues. Repeating the experiment for the three joints allowed us to assess the influence of joint
location on the weighting strategy between force and position feedback. Ten participants performed a total of 720
reaches, covering three different stiffness conditions, three distinct joints, and ten separate runs, each consisting of
eight reaches. We hypothesized that both environment stiffness and joint location have a significant impact on the
weighting strategy. We expanded on existing findings that show a tendency toward up-weighting force feedback in the
integration process as environment stiffness increases. Additionally, we examined whether force or position feedback is
favored when the joint is more proximal. The hypothesis is supported by experimental evidence, as both stiffness and
joint type revealed statistically significant effects on the weighting strategy (p < 0.001, p = 0.020, respectively). As
environment stiffness increased, a shift from higher position weighting factors to higher force weighting factors was
observed for all three joints. When comparing our findings to the Maximum Likelihood Estimation model predictions,
we observed that the more proximal joints exhibited higher force weighting factors. Additionally, normalizing the
experimental environment stiffness conditions over the maximal voluntary force of each joint times the moment arm and
over the joint stiffness showed a similar trend. More distal joints, on the other hand, favored higher position weighting
factors.

TU Delft Faculty of Mechanical, Maritime and Materials Engineering, Delft University of Technology, Delft, The Netherlands
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Introduction

Human motor control refers to the process in which the hu-
man nervous system coordinates movements of the body, in-
volving the integration of sensory information. It is an adap-
tive process that varies depending on the environment in
which we operate (Körding & Wolpert, 2004, 2006; Pasma
et al., 2012; Rosenbaum, 2009). Our strategy to control our
movements is influenced by the surroundings, and our brain
seamlessly adjusts to the changing conditions to optimize
performance. When you hop on a bicycle to go for a ride,
you receive information from your senses, including visual
feedback from your eyes and proprioceptive feedback from
your muscles. Your brain uses this information to maintain
balance and stability on the bike. The influence of each
sensory information cue in the integration process depends
on the variance of that particular cue, referred to as sensory

weighting (Block & Bastian, 2011). Sensory weighting al-
lows you to adapt your motor control effectively based on
the information provided by your senses. Having a clear
sight on the bike increases the influence of visual feedback,
resulting in an increased weight assigned to visual feedback
within the integration process. Proprioception allows us
to perceive the position and movement of our body parts
without relying on visual cues (Hoffman & Gregory Payne,
1995), and is therefore crucial for human motor control
tasks. Proprioception contains position and force feedback,
originating from our muscles (Mackinnon, 2018). Both sen-
sory systems provide our brain with information which is
integrated to formulate a comprehensive understanding of
the body’s posture and movement.

Extensive literature is available showing that the inte-
gration of sensory information during human motor control
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tasks follows Bayesian integration, also referred to as senso-
rimotor integration (Körding & Wolpert, 2004, 2006; Saidi
et al., 2012). These findings demonstrate that human mo-
tion is arranged through the integration of sensory input,
accompanied by ongoing adjustments to the influence of
various feedback cues, all aimed at optimizing motor out-
put to minimize the variance. They present that all sensory
cues influence the final estimate, but the degree of influence
of each sensory cue in the process varies depending on its
variance, which is referred to as the likelihood of each sen-
sory cue. Incorporating pre-existing task-related beliefs, the
sensory feedback is merged.

In many motor control tasks however, humans will
rather have to combine multiple pieces of information in-
stead of combining prior knowledge with the likelihood
of sensory feedback cues, particularly when dealing with
unfamiliar tasks (Lee et al., 2019). Consider the action of
reaching for an object on a high shelf. Your brain quickly
processes visual information to detect the object, simulta-
neously calculating the distance, height, and angle needed
to reach it. It also considers the size and weight as we feel
the object, anticipating the force required for a successful
grasp. Both senses (vision and touch) provide our brain
with information about the object, even if this information
is uncertain. In literature, this process is referred to as
cue combination (Alais & Burr, 2019). The computational
challenge of integrating information from two sources is
analogous to the manner in which we combine our prior
beliefs with the likelihood of sensory input from a single
cue, adhering to the principles of Bayesian integration.

One model that successfully predicts the optimal integra-
tion of the sensory signals based on the relative uncertainty,
indicated by their variance is the Maximum Likelihood Es-
timation (MLE) (Landy et al., 1995; Ernst & Banks, 2002).
The final estimate is a weighted average of the estimates
derived from the individual cues, where the final estimate
has a lower variance compared to the individual cues. The
weights are defined as the relative reliability on the infor-
mation obtained from the senses. Recall the example of
grasping an object from the shelf. When an object is placed
at a height that obstructs your line of sight, the reliability of
information obtained from your visual system diminishes
compared to situations where both the object and your hand
are clearly visible. The weight attributed to the single cue es-
timate (in this case the visual information) reduces towards
zero. The influence of the visual information cue within
the integration process decreases, yet it will persist once
the observation is made at any point during the movement
(J Smeets et al., 2006).

Sensory integration within the same sensory modality
also follows Bayesian integration. Van Beek et al. (2016)
provided evidence for the haptic modality. Mugge et al.
(2009) and Geelen et al. (2023) for the proprioceptive modal-
ity. Within the proprioceptive modality the two so called
sub-modalities (force and position) are integrated following
Bayesian integration rules. In different environments, the
accuracy of the proprioceptive sub-modalities, position and
force, play an important role in determining how well we
can execute tasks and interact with our surroundings.

Extensive research exists in the field of human motor
control, focusing on Bayesian integration, which involves
the integration of proprioception with various sensory in-
formation types, as well as integrating the sub-modalities
of proprioception. Based on the methodology, we can dis-
cern two prominent categories of experiments: reaching
movements and balance control. These studies demonstrate
that humans proficiently engage in Bayesian integration to
process sensory information. This process entails filtering
out less reliable data and adapting flexibly to environmental
or task-related variations. Arguably, the presence of robotic
devices in laboratory settings has led to an emphasis on up-
per extremities during reaching movement studies, whereas
lower extremities take precedence in balance control inves-
tigations. Consequently, only a limited range of real-world
context experiments exist, covering only a narrow range
of joints. This raises questions regarding the influence of
joint location on sensory integration. Given that sensory
weighting is influenced by a range of factors including en-
vironmental conditions, task requirements, attention, prior
beliefs, effort, and considering its asymmetric nature, the
current investigations into the influence of joint location
face limitations.

In stiffer environments, humans tend to prioritize force
feedback over position feedback in comparison to less stiff
environments. This is shown for the shoulder (Mugge et
al., 2009), and the digits (Geelen et al., 2023). Both studies
contain upper body joints, with one more distal, and the
other more proximal. It is important to highlight that dis-
cernible differences exist between proximal and distal joints.
As per definition, proximal joints have shorter ascending
pathways, resulting in faster sensory information integra-
tion in the brain (Fei Yam et al., 2018). Another noteworthy
aspect is that proximal joints exhibit a higher density of pro-
prioceptors (Proske & Gandevia, 2012), implying a more
accurate proprioceptive estimation for these joints. Addi-
tionally, distal joints possess distinct representations in the
motor cortex compared to proximal joints (Hudson et al.,
2017; Hatsopoulos et al., 2010), which could potentially in-
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fluence the integration process. Moreover, there is a general
consensus that proximal joints, such as the shoulder and
hip, typically exhibit greater stiffness compared to distal
joints like the wrist and ankle, possibly attributed to the en-
gagement of distinct muscle groups. Also, proximal joints
exhibit higher impedance, allowing for superior neural noise
filtering compared to distal joints (Salmond et al., 2017).
These differences suggest the potential presence of distinct
proprioceptive strategies and receptors. However, these in-
sights do not lead to a conclusive understanding of how
these differences impact the integration of proprioceptive
sub-modalities during human motor control tasks. Notwith-
standing these distinctions between proximal and distal
joints, both Mugge et al. (2009) and Geelen et al. (2023)
provide evidence of the dependency on stiffness in sensory
weighting for proprioceptive sub-modalities, whether ap-
plied to a distal (digits) or proximal (shoulder) joint.

The goal of this research is to offer additional evidence
regarding the impact of stiffness on sensory integration for
both proximal and distal joints. Within environments with
increased stiffness, humans tend to prioritize force feed-
back over position feedback. Further, to examine the role
of joint location in this process. We hypothesize that both
environment stiffness and joint location significantly affect
the sensory weighting process. The first objective of this
study is to elaborate on the existing findings that the in-
crease in environment stiffness lead to an increase in the
force weighting factors. The second objective is to examine
whether proximal joints will yield more accurate force feed-
back, resulting in relatively higher force weighting factors.
Conversely, distal joints provide more accurate position
feedback. Or that the opposite is true, where proximal joints
will yield more accurate position feedback, resulting in rel-
atively higher position weighting factors, and distal joints
will yield more accurate force feedback.

We conducted an analysis of reaching movements using
upper body joints in human subjects. These movements
were performed specifically with the wrist (vertical palmar
flexion), elbow (vertical flexion), and shoulder (vertical
retroflexion), with the shoulder representing the most prox-
imal joint and the wrist the most distal. We conducted
these experiments in three different stiffness environments
while maintaining a consistent testing setup, adjusting only
the equipment to accommodate the different joints. This
methodology allowed for a precise comparison of how posi-
tion and force feedback integration varies across these three
distinct joints.

Methods and Materials
Participants
Ten healthy female participants, ranging in age from 21
to 24, including one left-handed individual, participated in
this study. They were tasked to perform 30 vertical flex-
ion/extension movements for each isolated joint (wrist, el-
bow, shoulder) in their dominant arm under three distinct
stiffness conditions. Before their participation, informed
consent was obtained from each participant. The experiment
was approved by the Human Research Ethics Committee of
the Delft University of Technology.

Experimental Setup
The participants were positioned in a standing position be-
hind a haptic manipulator (HapticMaster, Moog inc. (Van der
Linde et al., 2002)). The participant’s core was situated be-
yond the range of motion of the HapticMaster during the
experiments to ensure the safety of the participants. The
participants held the handle mounted to the HapticMaster,
see Appendix A, with their dominant hand, to operate the
HapticMaster. In case of wrist movements, the lower arm
was fixed. In case of elbow movements, the upper arm was
fixed. A wrist brace (Push wrist brace Med 3) was worn to
further eliminate the wrist movements in case of the reaches
performed with the elbow. This brace consist of a metal
frame to eliminate palmar flexion movements of the wrist.
For the reaches performed with the shoulder, an additional
custom-made brace was worn, Appendix B, along with the
wrist brace, effectively isolating vertical retroflexion of the
shoulder. Visual feedback displaying the applied forces was
presented at eye level, positioned 1.5 meters in front of the
participant on a 40-inch monitor with a resolution of 1920 x
1080 pixels. An opaque screen was positioned between the
participant’s line of sight and the HapticMaster, to obstruct
direct visual feedback of movements. Both the height of the
screen and the positioning of the upper and/or lower arm
attachment points were adjustable to ensure usability for
all participants, see Figures 1a – 1c. All participants’ arm
segment lengths were measured prior to the experiment to
verify their compatibility with operating the HapticMaster,
as the configuration of the HapticMaster’s environment re-
mained unaltered due to time constraints imposed by the
overall experiment, see Appendix C. The participants held a
trigger button with their non-dominant hand, triggering the
initiation of data recording. An emergency button, which
switches off the HapticMaster, was positioned at ground
level to enable participants to operate it using their feet.

Experimental Approach
Within the haptic virtual environment of the HapticMas-
ter, changing force conditions and consistent predefined
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a Experimental setup for reaches with the wrist

b Experimental setup for reaches with the elbow

c Experimental setup for reaches with the shoulder

Figure 1. Experimental setup for the three joints studied, where
participants were located in a standing position behind the
HapticMaster to perform reaching movements. The triangle in
the figure indicates a fixed support. For the wrist reaches, the
lower arm was fixed. For the Elbow, the upper arm was fixed,
and wrist movements were eliminated by the use of a brace. For
the shoulder, movements of both the elbow and the wrist were
eliminated by the use of two braces. The gray arm sketch
represents the arm’s position following the reach. As the arm
follows the predefined pathways of the HapticMaster, it generates
circular movements of the end effector with the center point of
that circle being the joint studied.

pathways to follow are created, allowing isolated vertical
reaching movements for the wrist (palmar flexion), as well
as for the elbow (flexion) and for the shoulder (retroflexion).
Virtual objects with exceptionally high stiffness enclose the
end effector, giving the operator the sensation of operating
within a circular tunnel. When performing the reach, a vir-
tual spring along with a bias force allow for an increasing
force at the end effector of the HapticMaster, so that the op-
erator feels as if he/she is pulling a spring. Both the location
of the bias force and the virtual attachment position of the
spring that are applied to the end effector of the HapticMas-
ter rely on the position of the end effector in two dimensions.
These coordinates are employed to compute the angle, de-
noted as θ , representing the deviation of the end effector
from its initial position. The trajectory resembles a circular
path, with distinct central points for each joint’s rotation
to match the rotation point of each joint. θwrist , θelbow and
θshoulder are calculated based on the coordinates from the
HapticMaster (x,z) using trigonometric functions, see Ap-
pendix D.

The force experienced by the operator, which linearly
increases during the rotational movement, is denoted as
Equation 1. The stiffness conditions are implemented in
N/rad, so that the force is given in N. It is important to
note that these are inherently proportional to the moment
arm of the circular movement, which varies consistently
across the three joints (dwrist = 0.0615 m, delbow = 0.209 m,
dshoulder = 0.397 m). During the experiments, the force at
the end effector covertly differs between the linear condi-
tion, Flin, and a second condition, where the force increases
nonlinearly, Fnonlin, as represented in Equation 2.

Flin = klin ·θ (1)

Fnonlin = knonlin(θ) ·θ (2)

The nonlinear stiffness factor (knonlin(θ)) is designed so
that in the case of small rotational movements, the force
difference between the linear and nonlinear spring is small
compared to cases where the rotational movement is larger.
knonlin, Equation 3, depends on δ , which in turn is depending
on the rotation. δ refers to a constant force difference
(Fnonlin - Flin) at the position where the linear spring would
have exerted the target force. The rotation refers to the
angle that the end effector has travelled, and thus refers
to the amount of flexion of the joint of the operator, see
Equation 4. By design, the nonlinear spring generates a 10%
higher force (δ = 0.1) at the target location with respect to
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the linear spring. When the target is reached, θ is equal to
the rotation needed to reach the target, see Equation 5. Here,
θ = Rotation.

knonlin = klin +
δ · k2

lin
Rotation · klin

·θ (3)

δ =
θ

Rotation
·0.1 (4)

knonlin = klin +
δ · k2

lin
Rotation · klin

·θ

= klin +
θ

Rotation ·0.1 · k
2
lin

Rotation · klin
·θ

= klin +(
θ 2

Rotation2 ·0.1 · klin)

i f θ = Rotation

= klin +(0.1 · klin)

= 1.1 · klin

(5)

When participants unknowingly operate the nonlinear
spring and primarily reproduce the position as in the linear
situation, they will end up applying a larger force, and they
prioritize position feedback. When participants unknow-
ingly operate the nonlinear spring and primarily reproduce
the force as in the linear case, they will end up with a smaller
rotational movement. If during the experiments, the par-
ticipants are trying to reach the target, they will integrate
position and force feedback, and end somewhere in between
these two extremes, see Figure 2. Repeating this for all
three joints separately in three distinct stiffness conditions,
reveals the weighting strategy and how this is influenced
by changing environment stiffness and joint proximity. To
analyze the results, the position weighting factors are de-
termined, which are the weights used for the single cue
estimate regarding the position feedback in the integration
process. They are determined by dividing the force differ-
ence between the catch trial (blindly operating the nonlinear
spring) and blind trial (blindly operating the linear spring)
over the maximal force difference, see Equation 6 and Fig-
ure 2. Subsequently, the weighting factor for the force is
determined, see Equation 7. With an increasing accuracy of
position feedback, the value of Wx increases, and therefore
Wf decreases, as both factors sum up to 1. In case that
position feedback is prioritized, the information is thought
to be more accurate compared to the force feedback and
therefore Wx > 0.5. Similarly, if force feedback is thought

to be more accurate, compared to position feedback, force
feedback has a higher influence in the integration process.
Now, Wx < 0.5 and subsequently, Wf > 0.5.

Wx =
∆ycatch−blind

∆ymax
(6)

Wf = 1−Wx (7)

0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1
θ [rad]

14.5

15

15.5

16

16.5

17

17.5

18

Fo
rc

e 
[N

] ∆ycatch-blind

∆ymax

Wx = 
∆ycatch-blind

∆ymax

Fnonlin

Flin

Definition of the Position Weighting Factor (Wx)

Figure 2. The linear (Flin) and nonlinear (Fnonlin) force
trajectories plotted against the rotation of the end effector over its
predefined path (θ ). The red open circle represents the target
location. The blue square represents the location where the end
effector would end up if the position is fully reproduced,
therefore resulting in a higher force than the target force,
indicating that position feedback is prioritized. The magenta
triangle represents the location where the end effector would end
up if the force is fully reproduced, therefore resulting in a smaller
rotation compared to the rotation needed to reach the target,
indicating that force feedback is prioritized. The green dot
represents the location where the end effector actually ends up,
and typically lies in between the blue square and the magenta
triangle. The force difference between the blue square and the
red open circle is indicated by ∆ymax, and the force difference
between the green dot and the red open circle by ∆ycatch−blind .

Maximum Likelihood Estimation
The results of the reaching movement experiments are com-
pared to the prediction of the MLE model. Within this
model, the position weighting factors and the force weight-
ing factors for all stiffness levels are predicted based on the
standard deviation of the feedback cue of that sub-modality
(Mugge et al., 2009). Based on the predictions of the MLE
model, the weighting factors for position and force are both
estimated to be 0.5 at a specific crossover stiffness. To
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calibrate the weighting strategy, the experimental stiffness
conditions ought to closely approximate this crossover stiff-
ness. The crossover stiffness values for the wrist, elbow
and shoulder, are experimentally determined after which
three experimental stiffness conditions are selected. These
include one at the mean of the crossover stiffness values,
another above, and one below.

Experimental Determination of Stiffness Conditions
Participants Two healthy right-handed participants, both
23 years old, one male, one female, participated in this ex-
periment. They were tasked with performing vertical flexion
movements to reproduce a target force (referred to as force
task) and to reproduce a target position (referred to as posi-
tion task). Both tasks are performed with the wrist (palmar
flexion), elbow (flexion) and shoulder (retroflexion) of the
dominant arm of the participant. Prior to their involvement,
informed consent was obtained from each participant. The
experiment was approved by the Human Research Ethics
Committee of the Delft University of Technology.

Experimental Setup For the force task, participants were
located behind the same setup as the reaching movements
setup (including the braces, opaque screen, feedback moni-
tor, trigger button and emergency button). However, where
the participants held the handle of the HapticMaster to per-
form the reaches, here the participants held an identical
handle mounted on the AtiDaq 45 mini force sensor. This
sensor is experimentally validated before use, Appendix E.
The sensor was oriented such that it measured the force in
the vertical direction for each joint. The height of the sensor
was adjustable to ensure usability for all three joints as well
as for both participants. The visual feedback available on
the monitor represented the force exerted on the handle. For
the position task, participants were positioned behind the
exact same setup as the reaching movements setup. The
environment of the HapticMaster included the virtual ob-
jects inducing the feeling of operating in a circular tunnel.
However, while participants felt like pulling a spring during
the reaches, here the spring and bias force were deleted
from the environment. The visual feedback available on the
monitor represented the amount of rotation the end effector
of the HapticMaster had travelled from the starting position.

Experimental Conditions For the force task the participants
were asked to reproduce a target force of 15.7 N. They
repeated this for six runs, each containing eight trials, al-
ternating four reference trials, where visual feedback was
available, and four blind trials, where no visual feedback
was available. For the position task, the participants were
asked to reproduce a rotation of 2.1 rad from the starting po-
sition. They repeated this for six runs, each containing eight

trials, alternating four reference trials, where visual feed-
back was available, and four blind trials, where no visual
feedback was available. Both the force and position task
were performed with the wrist, elbow and shoulder. Two
training runs were included before the start of both tasks.
Following MLE, one can estimate the stiffness factors (k),
in N/rad, by dividing the standard deviation of the force task
results of the blind trials (σ(Fblind)) by the standard deviation
of the position task results of the blind trials (σ(θblind)), see
Equation 8 (Körding & Wolpert, 2006; Mugge et al., 2009;
Geelen et al., 2023).

k =
σ(Fblind)

σ(θblind)
(8)

Experimental Conditions Reaching Movements
The ten participants were asked to reproduce a target force
of 15.7 N. After a training session of two runs, both contain-
ing eight targets, per stiffness for every joint, the experiment
started. A single run contained reference trials, where vi-
sual feedback was available representing the exerted force,
blind trials, where no visual feedback was available during
the reach, and catch trials, where the reach was performed
within the nonlinear environment and no visual feedback
was available during the reach. When the participants were
convinced they applied the same force to the end effector as
in the training and reference trials, they pushed the trigger
button, after which they returned to the start position (exten-
sion of the joint). Participants were instructed to maintain a
constant force level during the button press. After each run,
which contained four reference trials, two blind and two
catch trials, the participants rested for one minute. Each run
commenced with a reference trial, randomly followed by
either a blind or catch trial. Another reference trial followed
this sequence. After ten runs, the stiffness of the environ-
ment increased, with a total of three stiffness conditions.
The target force remained equal, which means that the ro-
tation needed to reach the target decreased, see Equation 1.
Based on the results of the stiffness condition experiment,
the stiffness factors are set to 15 N/rad, 50 N/rad and 80
N/rad. Consequently, these stiffness values establish the
experimental conditions for the reaching movement experi-
ments, as outlined in Table 1.

Table 1. Consistent target force and variable target rotation (θ )
for the three experimental stiffness conditions.

klin [N/rad] Target Force [N] θ [rad]
15 5 · π π/3
50 5 · π π/10
80 5 · π π/16
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Maximal Force
As an additional component of the reaching movement ex-
periment, we assessed the maximum voluntary force of
each joint for every participant upon the conclusion of all
other runs. This assessment allows us to make comparisons
among participants regarding the results of weighting fac-
tors and maximum capabilities. This evaluation carried out
utilizing the AtiDaq 45 mini force sensor. The participants
were instructed to exert their maximum force by pushing
against the handle connected to the sensor as if they were
flexing the joint. The sensor was positioned to measure
the force at the target location in the 15 N/rad condition
(at π

3 rad). Additionally, the sensor was aligned to measure
the force along the reach direction, parallel to the circular
movement path. The arm’s bracing, body’s positioning,
and available feedback mirrored the previous experiment,
allowing palmar flexion for the wrist, flexion for the el-
bow and retroflexion for the shoulder. Consequently, the
primary discernible difference for participants, compared
to the reaching movement trials, was that they were now
required to exert maximal static force, as the handle was in
a fixed position. Upon feeling confident about exerting max-
imum force, participants pressed the trigger button. This
was replicated six times for each joint.

Data Analysis
The force levels during the reaching movements are mea-
sured for each target, with an average computed over ten
data points, comprising five before and five after pressing
the trigger button. For all participants, the data is averaged
for every specific trial, stiffness and joint type over all sim-
ilar runs, after exclusion of the failed trials, see Appendix
G, resulting in a total of 180 force level values. A Repeated
Measures ANOVA is performed to assess the impact of en-
vironment stiffness (15 N/rad, 50 N/rad, 80 N/rad), joint
type (wrist, elbow, shoulder), and trial type (blind, catch) on
the force levels exerted by participants. This test aims to de-
termine whether there are statistically significant variations
in participant’ exerted force levels in response to changes
in stiffness, joint type, or trial type. A second Repeated
Measures ANOVA test aimed to test for effects of the joint
type and environment stiffness on the difference in the force
between the blind and the catch trial (Fcatch–Fblind), as the
position weighting factors are calculated based on these
differences. To validate these tests, the normal distribution
of the two data sets is assessed using both the Kolmogorov-
Smirnov and Shapiro-Wilk tests prior to conducting the
experiments. Post hoc pairwise comparisons are performed
to gain more insight in the level of impact of the stiffness and
joint type on both the force levels and force level differences.
Cohen’s d is manually calculated to reveal the effect sizes

of the factors and reveal the effect of the stiffness and joint
changes during the experiments (Sullivan & Feinn, 2012).
Lastly, a third Repeated Measures ANOVA is conducted to
test the effect of joint type and environment stiffness on the
deviation from the target (Fblind −Ftarget), as this deviation
is a measure for task difficulty (Bootsma et al., 2018). As
task difficulty increases, task performance decreases and
therefore deviation from the target increases. All tests are
performed using IBM Statistical Packages for Social Sci-
ences Statistics software (v. 29), with a significance level of
0.05.

Results
Stiffness Conditions
The resulting stiffness for every joint, averaged over all tri-
als, is listed in Table 2. The trend is depicted in Figure 3.
Joint stiffness demonstrates a rising pattern as the joint’s
proximity increases. Specifically, the stiffness is greater for
the shoulder (average = 61.66 N/rad) when compared to
the elbow (average = 51.24 N/rad) and the wrist (average =
29.27 N/rad). Notably, for both participants, the increase in
stiffness between the wrist and elbow surpasses the increase
in stiffness between the elbow and shoulder. Additionally,
both participants exhibit a similar degree of stiffness in-
crease between the wrist and elbow as well as between the
elbow and shoulder.

Table 2. Resulting stiffness values for the three joints of both
participants.

Participant Joint Stiffness [N/rad]
1 Wrist 27.33

Elbow 46.90
Shoulder 57.89

2 Wrist 31.21
Elbow 55.58

Shoulder 65.43

Reaching Movements: Data Analysis
The Kolmogorov-Smirnov and Shapiro-Wilk test revealed
that the data of the force level differences is normally dis-
tributed, (p = 0.200, p = 0.476 respectively). For the force
level data set, 5% of the data is identified as outliers (25% or
higher deviation from the target) and therefore excluded. Af-
ter these exclusions the Kolmogorov-Smirnov and Shapiro-
Wilk test revealed that the data set including force levels is
normally distributed, (p = 0.200, p = 0.060 respectively).
For the Repeated Measures ANOVA on the force level data
set, the excluded outliers are estimated as the mean of the
remaining data points.
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Figure 3. Stiffness values for the three joints studied for both
participants, averaged over all trials. An ascending trend is
evident as the joint is more proximal (wrist - elbow - shoulder).

Based on the first Repeated Measures ANOVA test, both
stiffness as well as trial type show a significant effect on
the force levels exerted by the participants as the within
subjects’ effects reveal a significance of p = 0.002 for the
stiffness conditions (15 N/rad, 50 N/rad or 80 N/rad) and
p < 0.001 for the trial type. However, p = 0.127 for joint
type which indicates no statistically significant effect. In
the post hoc comparisons, Cohen’s d values reveal that both
the increase of 15 N/rad to 50 N/rad and the increase of 50
N/rad to 80 N/rad stiffness conditions show a medium effect
on the force levels, Cohen’s d = -0.755, Cohen’s d = -0.538
respectively, as defined by Sullivan and Feinn (2012). In
addition, the change from wrist to elbow has an medium
effect on the force levels, Cohen’s d = 0.718, and the change
from elbow to shoulder has a low effect on the force levels,
Cohen’s d = -0.367.

The second Repeated Measures ANOVA test revealed
that within subjects, stiffness as well as joint type have a
statistically significant impact on the force differences be-
tween the blind and catch trials, and thus on the weighting
factors of position and force feedback, as p < 0.001 for
the stiffness and p = 0.020 for the joint type. When tran-
sitioning from 15 N/rad to 50 N/rad, Cohen’s d is equal to
1.511, whereas the shift from 50 N/rad to 80 N/rad yields
a Cohen’s d of 0.355. This indicates a high effect on sen-
sory weighting when stiffness increases from 15 N/rad to
50 N/rad and a small effect when it increases from 50 N/rad
to 80 N/rad. Significantly, the positive mean differences of
the force differences (catch - blind) observed between 15
N/rad and 50 N/rad, 0.535, as well as between 50 N/rad

and 80 N/rad, 0.148, reveal that the force disparity between
catch and blind trials diminishes with increasing stiffness
conditions. When the force difference decreases, the po-
sitional weighting factor decreases, as shown in Figure 2.
The effect size of wrist to elbow is high, Cohen’s d = -0.867,
however the effect size of elbow to shoulder is low, Cohen’s
d = 0.090. Pairwise comparisons of the three joints reveal
that the wrist shows the lowest force difference compared
to the elbow and shoulder, as the mean difference between
the wrist and elbow is -0.373, and between the wrist and
shoulder is -0.340.

Reaching Movements: Data Comparison
The position weighting factors are determined based on
the mean results from all participants, as outlined in Fig-
ure 2. The results for all three joints under the three stiffness
conditions can be found in Figure 4, and the correspond-
ing weighting factors in Table 3. The averaged results for
the position weighting factor, Wx, for all three joints in the
three stiffness conditions including error bars, representing
one standard deviation across all participants, are visual-
ized in Figure 6. In case of the 15 N/rad stiffness condi-
tion, the maximum difference between the average position
weighting factor is ∆Wxmaxelbow−shoulder

= 0.06. The 50 N/rad
condition has a maximum difference between the average
position weighting factor of ∆Wxmaxwrist−shoulder

= 0.35. For the
80 N/rad condition, the maximum difference between the
average position weighting factor is ∆Wxmaxwrist−elbow

= 0.36.

Table 3. Resulting position and force weighting factors (Wx and
Wf respectively) for the three joints studied, averaged over all
participants (N=10).

Joint Stiffness Wx Wf SD
[N/rad]

Wrist 15 0.62 0.38 0.29
50 0.05 0.96 0.35
80 -0.04 1.04 0.32

Elbow 15 0.68 0.32 0.39
50 0.33 0.67 0.30
80 0.32 0.68 0.29

Shoulder 15 0.62 0.38 0.11
50 0.39 0.61 0.16
80 0.21 0.79 0.24

Operating in a stiffer environment, results in a higher
target overshoot, see Figure 4. In the blind trials, the force,
as well as the position is underestimated, resulting in an
overshoot of the target. This overshoot is indicated as
∆Fblind−target and increases as the stiffness factor increases.
An overshoot of the target is noted in all cases, except for
the elbow in the 15 N/rad condition, where the force and
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Figure 4. The averaged outcomes across all participants and trial iterations for the wrist, elbow, and shoulder within all three stiffness
environments. Three types of trials are included, (1.) reference trial, where the participants control the linear spring and visual
feedback is available, (2.) blind trial, where no visual feedback is available, (3.) catch trial, where participants unknowingly control the
nonlinear spring without access to visual feedback. The open red circle is the target location, at 15.7 N. The target angle (θ ) differs in
the three stiffness conditions due to the consistent target force ( π

3 , π

10 , π

16 for 15 N/rad, 50 N/rad, 80 N/rad, respectively). The black dot
represents the location where participants ended up in the blind trials. The blue square is the location where participants would end up
in the catch trials if the position is exactly reproduced. The pink triangle is the location where participants would end up in the catch
trials if the force is exactly reproduced. The green dot is the location where the participants actually ended up in the catch trials. The
position weighting factor, Wx, is established based on the green dot’s placement, and an analysis of the weighting strategy ensues.
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Figure 5. One standard deviation across all participants of the position and force weighting factors for all three stiffness conditions is
represented in the error bars. The MLE model predictions for the position and force weighting factor are plotted across the results. The
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Figure 6. The averaged (N= 10) position weighting factors (Wx)
for each joint studied in the three stiffness conditions. The error
bars represent one standard deviation of the results of all
participants. The black dots represents the position weighting
factor for each individual participant.

position are overestimated, resulting in an undershoot of the
target. Both stiffness as well as joint type reveal a statisti-
cally significant effect on the deviation from the target (p =
0.011, p < 0.001 respectively). The negative mean differ-
ence of the target overshoot (blind trial force - target force)
between 15 N/rad and 50 N/rad, as well as between 50
N/rad and 80 N/rad, -1.069 and -0.474 respectively, indicate
that an increase in stiffness condition reveals an increase in
target overshoot. The positive mean difference of the tar-
get overshoot between wrist and elbow as well as between
wrist and shoulder, 0.969 and 0.785 respectively, indicates
that the wrist represents the highest target overshoot. The

negative mean difference of the target overshoot between
the elbow and shoulder, -0.184, indicates that the elbow has
a lower target overshoot compared to the shoulder.

Maximum Likelihood Estimation
The MLE, based on the average values of the standard de-
viation of the two participants of the stiffness conditions
experiment, is plotted over the results of both averaged Wx

and Wf values, see Figure 5. The dotted lines represent the
shifted MLE prediction to match the results. For all three
joints, the crossover stiffness exhibits an ascending trend as
the joint is located more proximal, see Table 4. Appendix F
contains the two distinct Maximum Likelihood Estimations
for both participants.

Table 4. Crossover stiffness values of both MLE prediction and
the shifted MLE model

Joint MLE shifted MLE
crossover stiffness crossover stiffness

[N/rad] [N/rad]
Wrist 28.86 18.86
Elbow 41.72 26.73

Shoulder 71.90 31.90

Maximal Force
The results for the static voluntary maximal force values
for palmar flexion of the wrist, flexion of the elbow and
retroflexion of the shoulder, averaged over all trials of each
participant, can be found in Figure 7. The error bars indicate
one standard deviation of the averaged values of all partic-
ipants. The maximal force exerted by the joints decreases
as the joint is located more proximal, as Fmaxwrist = 63.94 N,
Fmaxelbow = 50.46 N, and Fmaxshoulder = 48.32 N.
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Figure 7. The bars represent the mean experimental maximal
force for each examined joint, averaged over all trials. Black dots
signify the maximum force achieved by individual participants,
and the error bars represent one standard deviation.

Normalized Results
The three experimental stiffness conditions (15 N/rad, 50
N/rad and 80 N/rad) are normalized by dividing over 1.)
the experimentally found joint stiffness, averaged across the
two participants, see Table 2, and 2.) the experimentally
found maximal force, averaged over the ten participants,
see Figure 7, times the moment arm of the distinct joint,
(dwrist = 0.0615 m, delbow = 0.209 m, dshoulder = 0.397 m).
The results can be found in Table 5.

Table 5. Experimental environment stiffness conditions
normalized over the averaged joint stiffness (N=2) and over the
averaged maximal force (N=10) times the moment arm of the
distinct joint.

Joint Exp. Stiffness Exp. Stiffness
Normalized over Normalized over

Joint Stiffness (Maximal Force
· Moment Arm)

Wrist 0.51 3.82
1.71 12.72
2.73 20.34

Elbow 0.29 1.42
0.98 4.74
1.56 7.59

Shoulder 0.24 0.78
0.81 2.60
1.30 4.16

Discussion

The findings provide support for the previously demon-
strated trends regarding the influence of stiffness on sensory
weighting strategies in human motor control. Consistently
across all three joints, the position weighting factor, denoted
as Wx, exhibits a discernible decrease as the stiffness factor
increases. This implies that as the environment becomes
stiffer, participants rely less on positional information and
place greater emphasis on force feedback. Subsequently, the
force weighting factor, denoted as Wf , displays an upward
trend alongside escalating stiffness conditions, indicating a
heightened reliance on force when operating within higher
stiffness environments. More evidence for this is found in
the positive mean differences of the force differences (catch
- blind) in the pairwise comparisons. The higher the stiffness
of the environment, the more decrease in force level differ-
ences between the catch and the blind trial. The weighting
of force and position shifts towards force feedback, as this
difference decreases. The positive mean difference between
the 15 N/rad and 50 N/rad condition is higher compared
to the positive mean difference between the 50 N/rad and
80 N/rad condition, logically due to the higher increase in
stiffness between 15 N/rad and 50 N/rad compared to the
increase in stiffness between 50 N/rad and 80 N/rad.

It is worth noting that the wrist can generate the greatest
static force in comparison to the elbow and shoulder. This
peak force decreases as the joint is more proximal. The
decrease in force can be explained by the wrist having a
shorter moment arm in contrast to the longer moment arms
of the elbow and shoulder. Consequently, the torque applied
is lowest at the wrist and highest at the shoulder. In addi-
tion, the participants are required to exert maximum static
voluntary force. In case of the shoulder, this force is trans-
ferred to the wrist since the wrist is integral in carrying out
movements initiated at the shoulder. Therefore, the wrist
must always be capable of withstanding the static forces
transmitted from the shoulder.

For all three joints, the position weighting factor demon-
strates values both above and below the 0.5 threshold, pro-
viding clear indications of appropriately selected stiffness
conditions, as depicted in Figure 5. It is important to
highlight, that across all three joints, the experimentally
crossover stiffness consistently falls short when compared
to the values predicted by the MLE model. The position
weighting factors are lower, and the force weighting factors
higher. The effect of heightened force weighting factors
compared to the MLE model prediction is stronger for the
shoulder, compared to the elbow and is even lower for the
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wrist. Thus, where position feedback is weighted lower,
more weight is put on force feedback, indicating a higher
reliance on force feedback, and this effect seems to increase
as the joint is more proximal.

Interestingly, for the wrist, in stiffness conditions 50
N/rad and 80 N/rad, the position weighting factor decreases
to a value around zero, which indicates that position feed-
back does not, or very little, influences the overall pro-
prioceptive estimate. Subsequently, force feedback would
for the most part provide the integrated estimate in these
conditions. Both 50 N/rad and 80 N/rad are far above the
crossover stiffness for the wrist, as predicted by the MLE
model. Therefore, the emphasis on force feedback in higher
stiffness conditions can be explained for the wrist. For the
elbow and shoulder, the position feedback does decrease
in the 50 N/rad and 80 N/rad environment but not towards
zero, as these stiffness conditions are closer to the crossover
stiffness of both joints. However, for the elbow, the position
weighting factor does not decrease as much in the middle
and high stiffness environment, but flattens, emphasizing
force feedback more than predicted by the MLE model.
Nonetheless, because the stiffness conditions vary by dif-
ferent amounts from the crossover stiffness for the three
joints, the stiffness conditions are relative higher for the
wrist compared to the elbow and shoulder. Consequently,
a direct comparison between the weighting factors is not
feasible, but they should be considered relative to the MLE
model predictions. Additionally, the post hoc comparisons
of joint type on force level differences (catch-blind) do not
directly reveal the influence of joint location on the weight-
ing strategy, but need to be interpreted relative to the model
predictions.

For the 15 N/rad stiffness conditions, all three averaged
weighting factors are around the same value, Wxwrist = 0.62,
Wxelbow = 0.68, Wxshoulder = 0.62, see Table 3. However, 15
N/rad is relatively closer to the crossover stiffness for the
wrist compared to the elbow and is even further for the
shoulder. Within this stiffness condition, the emphasis on
position feedback is relatively higher in the wrist compared
to the elbow and shoulder. Following MLE predictions, the
shoulder should emphasize the position feedback more as
15 N/rad is relatively lower for the shoulder than for the
wrist, and therefore the position weighting factors should
be closer to 1. One would expect an increasing Wx in a stiff-
ness condition located further from the crossover stiffness,
which is not the case when comparing the wrist, elbow and
shoulder in the 15 N/rad condition. This shows preliminary
findings that the more distal the joint is, the more accurate
position feedback is. The wrist should indicate lower posi-

tion feedback emphasis, however, Wx values reveal that the
position feedback is still highly accurate in this condition.

A similar argument holds when comparing wrist, elbow
and shoulder in the 80 N/rad stiffness condition. In the 80
N/rad condition, the force weighting factor is expected to
be higher for the elbow, as the stiffness condition is fur-
ther away from its crossover stiffness (higher) for the elbow
compared to the shoulder. However, from Table 3, we ob-
serve that the average force weighting factor for the elbow
is lower in the 80 N/rad stiffness condition compared to the
shoulder in the 80 N/rad stiffness condition, indicating a
heightened reliance on position feedback for the elbow. The
elbow shows a lower force weighting factor compared to
the MLE model prediction for the 80 N/rad condition, indi-
cating a heightened reliance on position feedback. These
heightened position weighting factors compared to the MLE
model predictions are not discernible for the shoulder in the
80 N/rad stiffness condition.

To give an accurate comparison of the results for the
wrist, elbow and shoulder, not only should they be com-
pared to the MLE model predictions, but the differences in
maximal voluntary force and joint stiffness of each specific
joint must be taken into account. Upon examination of the
normalized experimental stiffness conditions, factoring in
both joint stiffness and the maximum force multiplied by
the moment arm, it becomes evident that the experimental
stiffness conditions exhibit relative differences across the
three joints, as shown in Table 5. As a result, directly com-
paring the weighting factors of the wrist at 15 N/rad with
those of the elbow at 15 N/rad and shoulder at 15 N/rad
is not feasible. A more appropriate strategy would involve
comparing the results for the wrist at 15 N/rad to the results
for the elbow and shoulder at 50 N/rad and 80 N/rad, respec-
tively, as the normalized experimental conditions over the
maximal force times the moment arm are more alike (3.82,
4.74, 4.16 for the wrist, elbow, and shoulder, respectively).
Similarly, when assessing the results for the wrist at 50
N/rad, it would be more appropriate to compare them with
the results for the elbow and shoulder at 80 N/rad, as the
normalized experimental conditions over the joint stiffness
are more alike (1.71, 1.56, 1.30 for the wrist, elbow, and
shoulder, respectively). Comparing the wrist at 15 N/rad
with the elbow at 50 N/rad and the shoulder at 80 N/rad,
the position weighting factors that follow are, wxwrist = 0.62,
wxelbow = 0.33, wxshoulder = 0.21. Thus, when accounting for
the differing maximal force as well as moment arm, the
more proximal the joint (wrist to shoulder), the lower the
position weighting factor becomes. Comparing the wrist
at 50 N/rad to the elbow and shoulder at 80 N/rad, the
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position weighting factors that follow are, wxwrist = 0.05,
wxelbow = 0.32, wxshoulder = 0.21. The decreasing position
weighting factors with increasing joint proximity when ac-
counting for the joint stiffness is only valid when comparing
the elbow and shoulder. One plausible explanation for this
observation is that the task is exceptionally challenging for
the wrist in the 50 N/rad and 80 N/rad stiffness condition.
As sensory integration is an asymmetric process, the nervous
system selectively prioritizes force feedback over position
feedback based on its relative importance to achieve the task
of reproducing the target force (Logan et al., 2014).

Additionally to the observations that the wrist reveals an
increase in force weighting factors with increasing stiffness
conditions, the overshoot of the target increases significantly
the more distal the joint is located, as well as with increasing
stiffness conditions. Increasing target overshoot suggests
that the task carried out with the wrist and in higher stiffness
conditions indeed poses the greatest challenge, as perfor-
mance decreases. An increase in task difficulty for the wrist
is supported by the observation that the standard deviation
across participants is higher for the wrist compared to the
shoulder.

An explanation for the decrease in position weight-
ing factors as joint proximity increases can be found in
the biomechanics differences between proximal and distal
joints. As proximal joints have a higher density of proprio-
ceptors, arguably the Just Noticeable Difference is smaller
for proximal joints compared to distal joints. The Just No-
ticeable Difference (JND), is a measure of the smallest
change in sensory input that can be reliable detected by
the observer (Kroemer Elbert et al., 2018). More proximal
joints can therefore detect smaller changes in joint deflec-
tion. The higher sensitivity of sensory information from
proximal joints is important for the control of limb move-
ment, as it allows the CNS to quickly respond to small
changes in limb position and movement direction. In con-
trast, the lower sensitivity of sensory information from distal
joints allows for greater flexibility of limb movement. As
the JND is lower for proximal joints, the position of the joint
is less altered to detect changes compared to distal joints,
which need a larger deflection of the joint to detect changes.
Furthermore, the deflection of a joint at the shoulder exerts
a significant influence on the positioning of the digits, pri-
marily due to the substantial moment arm associated with
this joint. In contrast, a joint deflection at the wrist has a
comparatively minor impact on digit positioning. Conse-
quently, there is a strong preference for a higher accuracy
in feedback regarding joint deflection at the shoulder, as it
plays a critical role in the precise control of arm movements.

Mugge et al. (2009) argued that when an object is stiff,
the emphasis shifts to force feedback, as the deflection of the
object when grasping the object is minimal. Consequently,
the joint deflection is low and the orientation of the joint
remains (almost) unaltered. The emphasis towards force
feedback increases, and as the JND of proximal joints is
lower, proximal joints are considered to reveal more accu-
rate force feedback. Similarly, as the JND in distal joints
is higher, a higher deflection of the distal joint is needed
before the change in position or force is detected, resulting
in a higher positional error, and therefore position feedback
is considered to be more accurate. The same argument is
made by Drewing and Ernst (2006), who presented sen-
sory weighting of force and position feedback during active
touch. When the object is curved, position feedback is given
more weight in the integration process compared to when
the object is flat. When touching a flat object, force feedback
is up-weighted. Considering the minimal joint deflection
when touching a flat object, explains for the emphasizing
of force feedback when touching a flat object. It is there-
fore argued that force feedback accuracy increases the more
proximal the joint, as the joint deflection is only minimal
when the nervous system detects it. For distal joints, the
joint deflection is already larger before the nervous system
detects it, due to a higher JND, resulting in higher accuracy
towards position feedback.

Limitations
Sensory weighting in human motor control is influenced
by various factors, such as environmental conditions, task
demands, attention, and prior beliefs. A strict approach was
needed to reveal the effects of environment stiffness and
joint location on the weighting of position and force feed-
back. Meaning, the experimental setup was only adjusted
to accommodate the three distinct joint, while maintain-
ing other factors consistent, such as environment and task
instructions. However, limitations emerged during the ex-
periments, which possibly influenced the weighting strategy.

Braces are worn with the intention of restricting wrist
movements in the case of the elbow experiment and cur-
tailing both elbow and wrist movements in the case of the
shoulder experiment. It is important to note that the wrist
brace is specifically designed to restrict palmar and dorsal
flexion of the wrist without completely immobilizing the
joint. As a result, some degree of movement persists during
the experiment, providing a certain level of sensory feed-
back that could potentially impact the sensory weighting for
the elbow and shoulder.

Notably, uniform stiffness conditions have been em-
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ployed across all participants, yet disparities persist in terms
of joint stiffness and maximum force output among individ-
uals. Consequently, the imposed stiffness conditions and
targeted force levels present varying degrees of challenge
among participants. In order to minimize these discrepan-
cies, exclusive enrollment of female subjects aged 21 to 25
has been implemented. This focused participant selection
aims to curtail variations, thereby promoting greater uni-
formity within the study. However, the maximal force for
every joint, per participant, revealed that the maximal differ-
ences between participants is still 68.1969 N for the wrist,
58.5843 N for the elbow and 59.6725 N for the shoulder.

Furthermore, the stiffness conditions (15 N/rad, 50
N/rad, 80 N/rad) are uniformly applied to all joints. As
demonstrated, the shoulder exhibits higher experimental
stiffness values in comparison to the elbow and wrist. It
is evident that the shoulder’s crossover stiffness surpasses
that of the elbow and wrist. Consequently, the experimental
stiffness conditions are relatively lower for the shoulder and
higher for the wrist. When assessing the weighting factors,
this relationship should be taken into consideration to accu-
rately determine whether force or positional information is
given more weight. To enhance the precision of this compar-
ison, a more effective approach may involve adjusting the
experimental stiffness conditions for each joint, ensuring
they deviate from their crossover stiffness by a consistent
amount.

For all participants, the same experimental protocol is
used, meaning the shoulder is analyzed lastly for all partici-
pants, as well as the 80 N/rad condition. Mental tiredness
could have decreased the attention of the participants. As
attention is indicated to be a factor that influences the sen-
sory weighting process during human motor control (Block
& Bastian, 2010), this could have influenced the results of
this research. In addition, muscle tiredness may have in-
fluenced the weighting strategy in the 80 N/rad condition.
Both attention decrease and muscle tiredness are mitigated
as much as possible in the time range of these experiments,
by implementing short breaks after each trial, and longer
breaks in between the trials with the three joints as well as
in between the stiffness conditions.

The three rotations needed to reach the target (in the
blind and reference trials), are π/3 rad in the 15 N/rad
condition, π/10 rad in the 50 N/rad condition, and π/16
rad in the 80 N/rad stiffness condition. These rotations
remain the same for each joint, as both the target force as
well as the stiffness conditions remain consistent. However,
the shoulder joint has a greater maximal range of motion

(∼π rad) compared to the elbow (∼0.72π rad) and wrist
(∼0.5π rad) (Chang et al., 2023; Zwerus et al., 2019; Gates
et al., 2016). Although all experimental range of motions are
well below the maximal range of motions, the experimental
range of motions are relatively larger for the wrist compared
to the elbow and shoulder, as the maximal range of motion
is smaller.

Conclusion
We hypothesized that both environment stiffness and joint
proximity significantly impacted the sensory weighting of
force and position feedback. Further, this study 1.) elabo-
rates on the existing findings that an increase in environment
stiffness lead to an increase in the force weighting factors,
and 2.) it examines whether force or position feedback is
up-weighting in more proximal joints. We accept our hy-
pothesis regarding the influence of environment stiffness
and joint location on the sensory weighting process of force
and position feedback as stiffness condition and joint loca-
tion reveal a statistically significant effect on the force level
differences (catch - blind), (p < 0.001, p = 0.020 respec-
tively.)

Regarding our first objective, as stiffness conditions rise,
there is a noticeable downward trajectory in the position
weighting factors. As stiffness conditions increase, the ac-
curacy of force feedback improves, resulting in heightened
force weighting factors. Additional pairwise comparisons
reveal that the 15 N/rad shows higher force differences
(catch - blind), due to its positive mean difference, compared
to the 50 N/rad condition. This indicates higher position
weighting factors, indicating a heightened reliance on posi-
tion feedback in the 15 N/rad condition. The same argument
holds for the 50 N/rad compared to the 80 N/rad condition,
revealing higher force differences (catch - blind) for the
50 N/rad compared to the 80 N/rad. This study presents
further evidence that increasing stiffness conditions lead
to decreasing position weighting factors and an increase in
reliance on force feedback.

Turning to our second objective, we present encourag-
ing findings concerning the impact of joint proximity on
the weighting factors. In the 15 N/rad stiffness condition,
the wrist reveals relatively higher position weighting factors
when relating to the MLE model predictions, compared to
both the elbow and shoulder. Statistical evidence regarding
the increase in position weighting factors for more distal
joints is non existing as the results should be considered
relatively to the MLE model predictions. Comparing the
results relatively to the MLE predictions, it is observed that
during the integration process, the wrist assigns a greater
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weight to the position feedback compared to the elbow and
the elbow in turn, assigns a greater weight to the position
feedback compared to the shoulder. This phenomenon is
exemplified in the low stiffness conditions. The position
weighting factor is heightened for the wrist compared to the
MLE model predictions. The degree of increase relative to
the MLE model prediction is less pronounced for the elbow
and even more subdued for the shoulder. Further, observing
the normalized experimental stiffness conditions, and sub-
sequently comparing the wrist at 15 N/rad, with the elbow
at 50 N/rad and shoulder at 80 N/rad, it is revealed that the
more proximal the joint, the lower the position weighting
factors. For the comparison of the results of the wrist at
50 N/rad and the elbow and shoulder at 80 N/rad condition,
the higher position weighting factor is not observed for the
wrist, when compared to the elbow and shoulder, but this is
due to the exceptionally high task difficulty for the wrist in
high stiffness environments.

The research exhibited how isolated vertical reaching
movements, involving palmar flexion of the wrist, flexion of
the elbow and retroflexion of the shoulder, reveal stiffness-
dependency in the sensory integration process, encompass-
ing both force and position feedback. As environment stiff-
ness increases, the shift from higher position weighting fac-
tors to higher force weighting factors is observed. Moreover,
this study offered preliminary evidence that joint proxim-
ity also impact the sensory integration, up-weighting force
feedback when joint proximity increases.
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Appendix A: Handle Design

A new handle is designed and fabricated to mount on the HapticMaster. The end effector of the HapticMaster is adjustable
as the force sensor is located after the attachment point of the handle bar. Exchanging the end effector does not change the
working principles or quality of the HapticMaster.

Figure 8. The handle is securely mounted onto the Haptic Master system to facilitate smooth and effortless maneuvering for
the participants. This ergonomic design ensures that users can comfortably interact with the Haptic Master during the
experiments. The handle incorporates two sliding bearings between the handle and the bar, effectively preventing rotation
in the participants’ hands. These sliding bearings guarantee a stable and fixed handle position throughout the operation,
significantly improving the overall user experience and control during the experiments. Moreover, this design feature
eliminates any feedback concerning how much the handle has rolled in the participants’ hand palms. The frame is made of
aluminium and the handle bar is made of PLA (3D printed).
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Appendix B: Custom Made Elbow Brace

Figure 9. This brace is designed to secure both the upper and lower arms of the wearer. Its primary objective is to prevent
any flexion of the elbow joint. The position of both the upper and lower arm components of this brace is adjustable,
allowing it to accommodate all participants comfortably. A 3D printed corner is added to strengthen the brace.
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Appendix C: Participant Information

Participant Age Handedness Gender Height [m] Arm Segment Lengths [m]:
Wrist Elbow Shoulder

1 24 Right Female 1.60 0.0550 0.2830 0.3750
2 23 Right Female 1.72 0.0600 0.2900 0.3950
3 24 Right Female 1.62 0.0600 0.2700 0.4300
4 23 Right Female 1.71 0.0570 0.3020 0.4500
5 23 Left Female 1.65 0.0580 0.2600 0.3950
6 24 Right Female 1.69 0.0530 0.2080 0.3950
7 24 Right Female 1.69 0.0530 0.2940 0.4250
8 24 Right Female 1.76 0.0570 0.3160 0.456
9 22 Right Female 1.60 0.0540 0.2640 0.3700
10 21 Right Female 1.74 0.0560 0.2940 0.4250

Table 6. Participant information
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Appendix D: Calculation of Joint Angles

Table 7. Calculation of the joint angles (θ ) based on the coordinates of the HapticMaster (HM) in two dimensions (x,z).

Definition Formula

(0.000 ; 0.000)
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θ

0.209

x 0.209 - x

z

midpoint HM

midpoint joint

-0.1

0.1+ z

end e�ector

x
z

θwrist = acos( (0.1+z)√
(0.1+z)2+(0.209−x)2

)
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z - 0.197
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)
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Appendix E: Validation of AtiDaq 45 Mini Force Sensor

The ATIDAQ mini 45 force sensor is employed for the experiments. To ensure its accuracy, two weights of 750 grams and
1000 grams are utilized. These weights are positioned in the middle of the layered handle, as participants will place their
hand at this location. The weights are oriented in the positive X direction, so the force sensor (XForce) should register
a reading equal to the gravitational force exerted by the weight. The output of the force sensor is measured in voltage
units. These voltage measurements are then used to calculate the corresponding forces and torques. The purpose of this
experiment is to validate both the sensor’s performance and the accuracy of the calculations. Each weight is subjected to
four trials, with each trial consisting of six measurements. Before commencing each trial, the force sensor is calibrated, and
between each measurement, the weight is removed from the handle to ensure accuracy. The results of the measurements
for the experiments with the 750-gram weight are recorded in Table 8, while the trials with the 1000-gram weight are
documented in Table 9.

F = 0.7500∗9.8100 = 7.3575N

trial 1 trial 2 trial 3 trial 4
7.3589 7.2241 7.2928 7.3965
7.3986 7.2429 7.1961 7.3894
7.3620 7.2546 7.2785 7.3274
7.3309 7.2190 7.4001 7.3253
7.3238 7.2348 7.2556 7.3518
7.3518 7.1875 7.2643 7.4077
7.3543 7.2272 7.2812 7.3664

Table 8. Experiment with a load of 750 grams loaded to the force sensor to validate the functioning of the force sensor and
test the calculation from voltage to force.

F = 1.000∗9.8100 = 9.8100N

trial 1 trial 2 trial 3 trial 4
9.7542 9.8621 9.8931 9.8158
9.8605 9.8504 9.8280 9.8229
9.9124 9.8748 9.8738 9.7395
9.9114 9.7888 9.8341 9.7964
9.8987 9.9485 9.9272 9.8661
9.8397 9.9099 9.8895 9.8346
9.8628 9.8724 9.8743 9.8126

Table 9. Experiment with a load of 1000 grams loaded to the force sensor to validate the functioning of the force sensor and
test the calculation from voltage to force.
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Appendix F: Maximum Likelihood Estimation

Within the MLE model, the weighting factors are calculated based on the variance of each cue. Within both equations, s f
represents the standard deviation of the force task and sx the standard deviation of the position task.
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Figure 10. MLE model based on participant 1

0 50 100 150

Stiffness factor [N/rad]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W
x a

nd
 W

f [-
]

MLE prediction of Wx and Wf

Wf
Wx

a Wrist

0 50 100 150

Stiffness factor [N/rad]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W
x a

nd
 W

f [-
]

MLE prediction of Wx and Wf

b Elbow

0 50 100 150

Stiffness factor [N/rad]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

W
x a

nd
 W

f [-
]

MLE prediction of Wx and Wf

c Shoulder

Figure 11. MLE model based on participant 2
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Appendix G: Data Exclusions

Data exclusions occur after the complete storage of all data. These exclusions arise in response to disruptions encountered
during the trials. These disruptions primarily encompass instances where participants either failed to maintain the end
effector at the designated target locations before clicking, instead moving before the click, or instances where participants
inadvertently performed a double-click at the beforehand target while situated at the target location, so that this next target
is not representative. Per participant, a total of 720 data points is collected. For all participants, lower than 2.5 % of the
data points collected is considered as failed trial and therefore deleted. The exclusions are included in Table 10. For the
exclusions, the first word refers to the joints, and the second word to the type of trial. The first number refers to the stiffness
condition, the second number to the number of trial (1 out of 10), and the third number (in the brackets), refers to which
number of that type of trial. So for example, wrist: blind-50-2(2) refers to the blind trial for the wrist, in stiffness condition,
k = 50 N/rad. It is the second trial and within this trial, the second blind trial.

3 (stiffness conditions) ·10 (trials) ·8 (targets) ·3 (joints) = 720 data points
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Participant Exclusions: Wrist Elbow Shoulder Total percentage of exclusion
1 blind-50-2(2) catch-80-1(2) blind-15-1(1) 2.5 %

blind-50-3(2) catch-80-2(2) blind-15-5(2)
blind-50-4(1) catch-80-7(2) blind-50-5(2)
blind-50-7(1) blind-50-7(1)
catch-50-9(2) blind-50-10(1)
blind-50-10(1) blind-50-10(2)

blind-80-3(2)
blind-80-6(2)
blind-80-9(2)

2 blind-80-2(2) blind-50-7(2) 0.28 %
3 catch-80-8(2) blind-15-6(2) blind-15-3(2) 1.11 %

blind-80-9(2) blind-80-3(1) blind-80-7(2)
catch-80-4(2)
blind-80-10(2)

4 catch-80-2(1) 0.69 %
catch-80-3(1)
catch-80-7(2)
blind-80-8(2)
blind-80-9(2)

5 catch-80-8(2) 0.83 %
catch-50-10(2)
catch-80-7(2)
blind-80-8(2)
blind-80-9(2)
blind-80-10(2)

6 blind-15-5(2) blind-50-6(2) 0.69 %
catch-15-10(2) blind-80-1(1)
blind-50-10(2)

7 catch-15-6(1) catch-15-2(2) catch-15-6(2) 1.11 %
blind-80-5(1) catch-15-8(2) catch-15-10(1)
catch-80-9(2) catch-50-3(1)

8 catch-15-4(1) catch-80-5(2) catch-50-7(2) 0.83 %
blind-15-7(1) catch-50-10(1)
blind-80-1(1)

9 catch-15-3(2) blind-50-3(2) 0.69 %
blind-80-1(2)
catch-80-3(2)
blind-80-10(1)

10 blind-15-2(2) blind-15-4(1) blind-15-4(2) 2.5 %
catch-15-10(1) catch-15-9(1) blind-15-7(2)
blind-50-6(1) blind-15-1(1) blind-80-8(2)
catch-50-6(2) blind-15-1(2)
catch-80-8(2) catch-15-1(1)

catch-15-1(2)
catch-50-2(2)
blind-50-10(2)
catch-80-6(1)
catch-80-6(2)

Table 10. Data point exclusions.
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