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Kinesthetic feedback improves grasp performance
in cable-driven prostheses

Michael E. Abbott*, Joshua D. Fajardo, H.W. Lim, and Hannah S. Stuart

Abstract— Despite significant progress in the realm of upper-
limb prosthetic design, end-users still abandon modern myoelec-
tric prostheses, with haptic feedback listed as a primary need.
The passive scheme of cable-driven body-powered prostheses
provides kinesthetic sensory information to the user but can also
lead to discomfort and fatigue due to the large loads applied to
the body during operation. In order to investigate the role of this
kinesthetic feedback on grasp force control, we design a body-
powered prosthesis emulator capable of varying the amount of
displayed force feedback along a continuous scale. Using this
experimental test bed, we collect data from 9 participants while
they perform a grasp and lift task. Analysis shows that, with
increasing amounts of force feedback, people produce lower and
steadier grasp forces but also become more prone to dropping
held objects. These results suggest that the use of moderate
amounts of feedback provides significant grasp performance
benefits while also mitigating some of the shortcomings of cable-
driven prostheses. These findings support the continued study of
the incorporation of kinesthetic feedback into novel prosthetic
designs.

I. INTRODUCTION

The absence of a hand negatively impacts a person’s
ability to perform activities of daily living (ADLs) [1], [2].
Replicating the dexterous capabilities of the human hand,
with its numerous afferent and efferent neural pathways,
continues to be a challenge for prosthetists and robotics
researchers alike. For functional prostheses (i.e. not purely
cosmetic), individuals generally choose between two classes
of devices with distinct modes of operation: myoelectric
and body-powered. Myoelectric arms are active devices
which typically use DC motors for actuation and detect user
intent through the use of surface electromyography (sSEMG)
electrodes placed on the skin. Body-powered devices instead
passively couple the end effector to the contralateral shoulder
through a shoulder harness and Bowden cable system.

Significant recent research seeks to improve and modern-
ize prosthetic technologies. Many of these efforts focus on
adding dexterity via degrees of actuation to actively driven
hands, like the bebionic [3] and i-Limb Ultra [4] hands, or
reducing cost of electromechanical devices, as with the Hero
Arm [5]. Rejection rates for these types of motorized devices
have been estimated at between 33% and 50% [6]. Surveys
of myoelectric prosthesis users and rejecters consistently rate
the addition of feedback modalities and more predictable
control as top priorities in the technology [7]. Prior research
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explores the addition of haptic displays in prostheses, such as
compact sensory substitution methods using vibrotactile or
electrotactile stimulation, e.g., [8]-[11], while other systems
aim to match sensed and feedback modalities, e.g. locally
applied body loads in [12], [13]. These technologies are
typically presented as add-ons to myoelectric prostheses and
are distinct from the device control scheme. This can hinder
interaction transparency and efficiency and may contribute
to why these technologies are not yet adopted widely.

Despite possessing a design largely unchanged over the
past 75 years, body-powered cable-driven grippers allow for
more robust control and feedback through passive actuation
[14], [15]. The mechanical connection between a user’s
shoulder and the end effector provides kinesthetic feedback
to the user in the forms of both position and force. This
enables the development of internal models which map
motor inputs at the shoulder to actions of the end effector,
for improved grasping performance [16]. The co-location
of the control and feedback modalities also aids in the
integration of the sensory information for the user [17]. This
control topology was formalized as extended physiological
proprioception (EPP) by D.C. Simpson [18] and shown to
exhibit superior feedforward and feedback information rates
over alternative control mappings [19].

However, body-powered prostheses can produce discom-
fort and fatigue that accompany the body forces inherent
to this passive system [6], [7]. We aim to understand the
relationship between kinesthetic feedback and user exertion
as well as the associated trade-offs for advanced prosthesis
design. This work expands upon the findings of previous
works which have investigated the benefits of kinesthetic
feedback on grasping with upper-limb prosthetic devices
[20], [21] with several distinctions. While prior efforts
present feedback conditions in a binary fashion (i.e. feedback
on or off), we vary force feedback along a continuous scale
to gain insight into trends in grasp performance over a range
of force feedback levels. Additionally, we evaluate grasp
performance primarily through applied grasp forces during
a grasp and lift task, as opposed to decision-oriented tasks
such as haptic discrimination. To the authors’ knowledge,
this work represents the first effort to quantify the effect of a
continuously varying range of force feedback levels on grasp
force control in upper-limb body-powered prostheses.

A. Overview

We present experimental results from a series of grasp
and lift trials with participants operating a new haptic test
bed designed to emulate a body-powered prosthesis. In
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Fig. 1. A haptic interface mediates interactions between a participant
and a virtual grasping environment, where the individual completes an
experimental grasp-lift task using the shoulder harness and height controller.
The haptic interface displays varying amounts of force feedback relative to
the grasp state of the environment to evaluate its role in grasp force control.
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Fig. 2. Block diagram for operation of the experimental test bed.
Participants impart some cable excursion « that is converted to a change
in angle of the motor shaft 6 through the haptic interface. The virtual
environment maps this angle to a gripper aperture a which is used to
calculate a grasp force Fyrqsp. A force map outputs a target feedback force
F'y that is displayed to the user as a force pulling on the shoulder harness
through energizing the motor coils with a current 7. An inner control loop
uses a tension sensor at the output of the transmission to reduce any error
between intended and actual applied forces.

Section II, we introduce the elements and parameters of our
experimental test bed. Section III discusses the protocol used
during the human subject experiment, as well as the per-
formance metrics and statistical methods used for analysis.
Results presented in Section IV show that force feedback
results in steadier and more efficient grasps, with poten-
tial implications on integration into wearable technologies
discussed in Section V. We conclude in Section VI with
future directions for the study of kinesthetic feedback and
its potential applications.

II. TEST BED DESIGN

In order to systematically vary the magnitude of force
feedback provided to participants during a grasping experi-
ment, we developed a test bed, pictured in Fig. 1 and outlined
in Fig. 2, comprised of three main components: a shoulder
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Fig. 3. Inputs to and operation of the virtual grasping environment. Travel
of the cable, actuated through adduction and abduction of the shoulder
blades, controls the aperture of the virtual gripper and resulting grasp force.
Movement of the height controller, as measured by an IR distance sensor,
changes the height of the virtual gripper.

Gripper

harness actuated by a haptic interface, an experimental graph-
ical user interface (GUI), and an object height controller.

A. Participant Control Inputs

Participants physically interact with two system compo-
nents to complete the experimental grasping task. The first is
a figure-of-nine upper-limb body-powered prosthesis harness
worn around the left shoulder of the participant, pictured in
Fig. 1 and the left of Fig. 3. A Bowden cable, with one
end terminating on the harness and the other attached to
the haptic interface, transmits positions and forces to and
from the user during operation of the device. A cable routing
element mounted to the tabletop limits extraneous motion of
the Bowden cable.

The height controller, pictured in Fig. 1 and on the right
of Fig. 3, provides an additional control input to the virtual
grasping environment. Participants raise and lower a 3D-
printed element along a PTFE guide tube, whose height is
measured with an IR range sensor (Sharp GP2Y0A21YKOF)
mounted to the base.

B. Virtual Environment

The experimental GUI presents the participant with a
visualization of the virtual grasping environment containing
a test object (yellow) and two opposed sides of a gripper
(grey), both pictured in Fig. 3. The virtual environment
provides an experimental focus on the primary variable
of interest, force feedback through the Bowden cable, and
avoids potential confounds present in physical interactions
such as weight-based grasp adjustments. Excursion of the
cable, as measured by the rotary encoder fixed to the motor
shaft, opens the aperture, a, of the gripper. The level of the
height controller controls the height of the gripper h.

We simulate the object-gripper interactions and object
dynamics to inform both the GUI display and harness force
control. The calculation of grasp force, Fg,qqp, is:

0 a; > w
Fyrasp,i = w—a; - 1
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where k. is the contact stiffness, a; is the current aperture
of the gripper, and w is the width of the test object. The
simulation only applies this equation when the gripper height
is aligned with the height of the object. Motion of the test
object is limited to the vertical direction and defined by the
following dynamic model:

no slip

ybloCk_’i = {ygmpper,z o

= (2pFyraspi) — g slip

where ¢ is the acceleration due to gravity, m is the object
mass, and slip is defined as occurring when the grasp force
is not high enough to produce sufficient friction force, with
a maximum magnitude of (1 F;qsp i, to Tesist the inertial and
gravity loads on the test object.

We select environment parameters to simulate a typical
grasping task. We define the block to have a mass m of
1 kg, width w of 4 cm, and a coefficient of friction p of
0.7. We also define the contact stiffness between the block
and gripper to be 10 kN/m. This configuration results in a
minimum grasp force of 7 N for object lift-off and is used
for all experiments.

C. Haptic Interface

A close-up view of the haptic interface assembly is shown
in Fig. 4. A brushless DC (BLDC) motor (Maxon, EC-i 52)
provides the torque necessary to transmit feedback forces
to the participant. An incremental rotary encoder (Maxon,
ENC Easy 16) measures rotation of the motor shaft, related
to linear travel of the carriage through the cable transmission.
A Maxon EPOS4 Compact 50/8 digital positioning controller
handles all motor control aspects, including current control of
the motor and reading of encoder values. The force feedback
that is output by the motor for a given time step ¢ is governed
by a differential PI controller, such that:

At;
Ui = Uj—1 + AUFF,i + K <A€i + €i> 3)
T

where u is the commanded current to the motor, ugp is the
feedforward current predicted by the transmission model, K
is the controller gain, 7 is the integral time constant, and
At is the time step. The error e is the difference between
the force target, i.e. the virtual grasp force Fy,qsp adjusted
by the force feedback factor K¢, and the measured tension
force in the Bowden cable:

e; = Kngrasp,i - Fsensor,i 4)

Varying Ky provides the ability to change the level of force
feedback presented to the user and is the primary independent
variable of study in this work.

A two-stage cable transmission uses a system of capstans,
pulleys and a linear stage. The first reduction stage (colored
in purple and blue in Fig. 4) amplifies the torque output of
the system by a factor of 1.98. Two tensioned cables wrapped
around both pulleys in a figure-eight pattern allow bidirec-
tional transmission of torque. The second stage (colored in
yellow and green) translates between the rotary motion of
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Fig. 4. Cross-sectional view of the haptic interface assembly with key
elements labeled. The Bowden cable from the harness terminates on a linear
carriage which constrains its motion to a single degree of freedom. A cable
transmission converts between the linear motion and force of the carriage
and rotary motion and torque of the attached brushless DC (BLDC) motor.
An encoder fixed to the motor shaft measures rotation of the shaft. A custom
tension sensor measures the forces applied to the participant through the
Bowden cable from the torque output of the motor.

TABLE I
COMPARISON OF SYSTEM SPECIFICATIONS

Prosthesis Standard [22] | Haptic Interface
Force (N) 62 70
Travel (mm) 50 97

the motor and the linear travel of the harness cable, which
is attached to the linear carriage. All pulleys and brackets
are made from 3D printed PLA and the mounting plates
from laser cut carbon steel. A 5 kg load cell (HT Sensors,
TAL220B) and a set of 3 offset pulleys measure the tension
in the Bowden cable connecting the interface and shoulder
harness. The deflection in the path of the cable caused by
the offset pulleys results in a vertical force when the cable
is under tension.

Evaluation of the test bed shows performance beyond
the required force and travel for upper-limb body-powered
prosthesis operation, summarized in Table I [22].

III. EXPERIMENTAL METHODS
A. Study Procedure

Participants sit in a chair facing a desk where the experi-
mental apparatus is mounted. They don the shoulder harness
which the experimenter then adjusted for proper fit. The
haptic interface is initialized with the cable position fixed,
and the participant is instructed to move the chair such
that the cable is in tension with their shoulder blades in an
adducted state. The participant is then given the opportunity
to practice at the lowest () = 0) and highest (K = 1.33)
force feedback factors that will be displayed during the
experiment in order to confirm comfort within the range of
motion and force used in the study.

Each trial consists of a grasp and lift task modeled
after similar grasp force studies performed with normative
grasping [23]-[25]. The participant is instructed to grasp
and lift the virtual object on the experimental GUI using
the shoulder harness and height controller up to a height
of at least 15 cm, noted by a dashed line. They must hold
the object at or above this minimum height for a period
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Fig. 5. Sample force and height data measured over time from a single
grasping trial with a force feedback factor Ky = 1.33. Roman numerals
mark key events during the trial: i) first virtual gripper contact with test
object, ii) initiation of lift of the test object, and iii) release and descent
of the test object. Letters denote key trial metrics and parameters: a) hold
region, b) mean grasp force (averaged over the hold region), c) peak grasp
force, and d) minimum grasp force to prevent slip.

of five seconds. The trial is completed when the subject
releases the object and returns the virtual gripper back
to the ground level. Visual indicators in the GUI provide
guidance through each phase of the trial. Participants are
instructed that the experiment evaluates only grasp force,
not speed. Each participant completes grasping trials at five
different force feedback factors: 0 (no feedback), 0.33 (light
feedback), 0.67 (moderate feedback), 1 (equal feedback),
and 1.33 (augmented feedback). Feedback factors, limited
to 5 per participant due to time constraints, were selected to
evenly span values between 0 and 1 along with one additional
factor greater than 1 to examine the potential continuation
of any observed trends. Ten trials are completed together
at each feedback level, whose order is pseudorandomized
through a Fisher-Yates shuffle. Participants are not notified
of the feedback factor during any set of trials.

Data represent a total of 9 non-amputee participants with
normative upper limb function. Participants were recruited
from the student body of the UC Berkeley College of
Engineering. All experimental procedures are approved by
the University of California, Berkeley Institutional Review
Board protocol #2019-05-12178.

B. Performance Metrics

Force and height data are recorded throughout each trial
at a rate of 50 Hz — a single example trial is shown in
Fig. 5. For each vector of force or height data x, we
compute a local linear regression across a subset of 7
adjacent points beginning at each data point in the vector
(i.e. [zi,®it1,...,2ir6]). Each set of data is then divided
into phases with the following transition criteria:

¢ Rise: Slope is positive with absolute value greater than

5% of peak signal value

e Plateau: Slope has absolute value less than 1% of peak
signal value

o Fall: Slope is negative with absolute value greater than
5% of peak signal value

Hold region is defined as the interval between the time
of the first plateau and the final fall in object height signal
while above the target height. If a plateau is not reached,
the ascending and descending crossing times of the target
height are used instead. We then calculate a range of metrics
to characterize performance:

e Mean grasp force: mean grasp force for the hold region

e Mean absolute deviation (MAD) of grasp force: mean
absolute deviation from the mean grasp force across the
hold region

e Peak grasp force: maximum grasp force measured at
any point during the trial

e Drop trial: trial with a hold region shorter than 95% of
the hold time of 5 seconds'

o Number of probes: number of rise changes in grasp
force before the hold region

o Number of lift attempts: number of rise changes in
object height before the hold region

C. Statistical Analysis

Due to observed within-subject correlation and the contin-
uous nature of the data, linear mixed models (LMM) are used
to separately relate the mean grasp force, peak grasp force,
and mean absolute deviation in grasp force to the predictor
variables. Force feedback factor (Ky) is added as a fixed
effect as the primary predictor variable. The order in the
sequence of feedback factors (factor order F'O, ranging from
1 to 5) and in the sequence of trials (trial 7', ranging from
1 to 10) are added as covariates, with trial nested within
factor order. A first-order autoregressive (AR(1)) correlation
structure is imposed to account for observed autocorrelation
of lag 1. Participants are added as a random (slope and
intercept) effect for all mixed models. Outcome variables are
log-transformed prior to model fitting to normalize residuals.

Generalized linear models (GLM) capture the remaining
non-continuous outcomes. A binomial logistic regression
models drop chance and a Poisson regression is used to
model the number of probes and lift attempts. Predictor
variables are force feedback factor, factor order, and trial
with the same nesting structure as above. No significant
within-subject correlation is observed for the non-continuous
outcomes, so no random effects for participants are included
for model parsimony.

Model selection is performed using the Akaike Informa-
tion Criterion (AIC) for all presented models. All analyses
utilize R v3.6.2 [26] primarily with the “nlme” [27] and
“lme4” [28] packages for linear mixed models and gener-
alized linear models, respectively.
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Fig. 6. Summary of data on grasp performance metrics: a) Overall mean
grasp force in newtons and safety factor across all participants at each force
factor. b) Overall mean peak grasp force in Newtons across all participants at
each force factor. ¢) Overall mean Mean Absolute Deviation (MAD) of grasp
hold force across all participants at each force factor. d) Number of drops
out of 90 total trials between all participants at each force factor. e) Overall
mean number of probes prior to the hold region across all participants at
each force factor. f) Overall mean nnumber of lift attempts prior to the hold
region across all participants at each force factor. Error bars denote standard
deviation of subject means at each force factor.

IV. RESULTS
A. Grasp Economy

Participants are better able to regulate their grasp force
while holding the virtual test object as the force feedback
factor increased, shown in Fig. 6(a). Their grasp safety
factor, defined as the ratio between the mean grasp force and
minimum force required for lift-off, reduces by more than a
factor of two between the lowest and highest displayed force
feedback factors. Analysis of the LMM shows a significant
effect of force feedback factor on mean grasp force (b =
—0.318, p = 0.004) but no significant effect of factor order
(b=10.043, p = 0.167).

Analysis also reveals a significant two-way interaction
between force feedback factor and factor order (b = —0.101,

The 95% factor accounts for potential slight inaccuracies in hold region
estimation and helps limit false positives.

p = 0.002), indicating an increased ability to control grasp
force using force feedback as more factors are experienced.
Change in mean grasp force across trials in a single factor is
small, with no significant two-way or three-way interactions
(FO-T:b=0.001, p=0.645; Ky - FO -T: b = 0.002,
p = 0.503), suggesting a minimal within-factor learning
effect.

B. Peak Grasp Force

The data similarly show a decrease in peak grasp force as
force feedback factor increases, seen in Fig. 6(b), dropping
from 39.6 N at no feedback to 16.6 N at maximum feedback.
This is supported by a significant effect of force feedback
factor (b = —0.597, p < 0.001). The covariate of factor order
does not appear to have a significant effect on peak force (b =
0.032, p = 0.345) but does have a significant interaction with
force feedback factor (K- FO: b = —0.101, p = 0.010),
again indicating an increasing sensitivity to force feedback
as more factors are experienced. The LMM analysis also
shows slight within-factor effects with significant two- and
three-way trial interactions (FFO-T: b = —0.006, p = 0.013;
K- FO-T:b=0.009, p = 0.005), though their magnitudes
are small and conflict in direction.

C. Grasp Steadiness

Participants maintain a steadier grasp force while holding
the test object as force feedback factor increases. This effect
is shown in the decrease in grasp mean absolute deviation
(MAD), in Fig. 6(c), from 1.08 N at no feedback to 0.31
N at maximum feedback through the hold phase. From the
findings of the LMM, this outcome appears to be driven
predominantly by the significant effect of force feedback
factor (b = —0.756, p < 0.001) and changes only slightly
with the covariate of factor order (b = 0.047, p = 0.610) or
their interaction (K7 - FO: b = —0.106, p = 0.340). Trial
has no significant effect on grasp MAD in two- or three-way
interactions (F'O -T: b = 0.002, p = 0.831; Ky - FO - T
b = 0.000, p = 0.981).

D. Drop Rate

Participants drop the test object while in the hold region
more often at higher force feedback factors, shown in Fig.
6(d). A drop rate of 4.44% (4 drops out of 90 trials) occurs
with no force feedback (Ky = 0), while a drop rate of
12.2% (11 drops out of 90 trials) occurs at the highest
tested force feedback factor (Ky = 1.33). Results from the
binomial regression model indicate a significant effect of
force feedback factor (b = 0.887, p = 0.036). No other
significant effects are found, whether directly from other
covariates (F'O: b = 0.184, p = 0.607) or from any two-
or three-way interactions (K- FO: b = —0.301, p = 0.442;
FO-T:b=-0.069, p=0.139; Kf- FO -T: b= 0.058,
p = 0.256).

E. Probes and Lift Attempts

Participants perform a mean number of probes between 1
and 1.21 and a mean number of lift attempts between 1 and



1.1 for all cases, seen in Fig. 6(e,f). GLM analysis for probe
number indicates no significant effect of force feedback
factor (b = —0.174, p = 0.416), factor order (b = —0.006,
p = 0.933), or their interaction (K; - FO: b = 0.093,
p = 0.278). It also shows no significant interaction effects
for trial (F'O -T: b = —0.008, p = 0.333; Ky - FO - T
b= —0.007, p = 0.510). Analysis for number of lift attempts
shows a similar lack of significant effects for predictors,
covariates, and interactions (K¢: b = 0.041, p = 0.856;
FO:b=0.006, p=0.944; Ky - FO: b= 0.005, p = 0.959;
FO-T:b=0.000, p=0.961; Ky-FO-T: b= —0.001,
p = 0.912). Thus, it appears that changes in force feedback
factor do not cause participants to vary their interaction with
the virtual object prior to the hold region.

V. DISCUSSION

Individuals apply lower grasping forces, closer to the re-
quired minimum for lifting the object, and maintain steadier
grasps while holding the test object with higher levels of
force feedback. This outcome aligns with work done with
individuals performing normative grasping experiments with
anesthetized hands, leading subjects to apply over twice
as much pinch force during lifting trials than under non-
anesthetized conditions. [23], [25]. At the same time, our re-
sults extend the findings beyond related works on kinesthetic
feedback in upper-limb body-powered prostheses [20], [21],
[29] by describing the effect on grasping across a continuous
spectrum of kinesthetic feedback conditions.

A non-linear relationship appears to exist between our
chosen performance metrics (grasp safety factor, peak force,
MAD) and the force feedback factor. For all three metrics,
the differences between higher levels of force feedback are
smaller than those at lower levels of feedback. This suggests
the potential for a significant improvement in grasp force
moderation using only light or moderate forces displayed,
with diminishing returns at high forces. This motivates the
use of smaller and lighter motors for the active display of
feedback forces, since outputting high feedback forces might
only result in modest grasp performance gains. This would be
of particular importance for the integration of force feedback
into the design of many haptic and wearable technologies
where minimizing the weight and size of haptic actuators is
essential for usability.

Participants exert the lowest mean grasp force when the
force feedback factor is highest, thus achieving the smallest
safety margin out of all experimental conditions. Addition-
ally, more intense feedback exerts more load on the shoulder
during operation, potentially leading to larger than intended
or unexpected motions of the shoulder if the muscles relax.
This, combined with the smaller margin for error, could
influence the higher drop rate observed at high feedback
forces. Further experimentation with a narrower focus on
producing drop events during prosthesis operation would be
necessary to draw more specific causal conclusions and is
left for future work. Regardless, the existence of the trend
itself provides reason for caution from arbitrarily raising the
magnitudes of displayed forces.

Direct generalizability of the findings to physical grasp-
ing is somewhat limited by the non-physical nature of
the interactions via a virtual environment. We limited the
information regarding applied grasp forces to only the forces
displayed through the shoulder harness and visual perception
of the simulated grasping environment in order to focus the
experiment on the primary independent variable of interest,
the feedback factor. Notably, the height controller did not
allow for the perception of weight or vibratory sensations of
slip that might allow users to better scale their grasp forces,
as has been shown to be the case for normative grasping
[23], [30], [31]. Future work will explore how the effects we
observe thus far are influenced by physical interaction during
grasping. This could also lead to additional insights into mo-
tor learning and dynamic force control in the context of real-
world wearable technologies with kinesthetic feedback. The
integrated nature of control and feedback modalities in body-
powered prostheses also complicates the generalization of
these results to other devices with separate control schemes
like myoelectric prostheses. Additional work could evaluate
the function of kinesthesia as solely a feedback modality
alongside a different control input like EMG activity.

VI. CONCLUSION

Through systematically varying the level of force feed-
back presented to users through a body-powered prosthesis
emulator, we evaluated its role in the regulation and control
of grasp force. The additional sensory knowledge of a grasp
state provided through force feedback allows individuals to
better apply predictable and stable internal grasp forces while
interacting with their environment. Yet, the increased loads
applied to their bodies also render them more prone to drops
as well as the fatigue and discomfort typical of body-powered
prosthesis use over longer periods of time. This suggests
that moderate levels of grasp force feedback via cable-driven
systems may be able to maximize grasp performance for
extensive usage.

Further investigation could also lead towards the design of
novel assistive technologies. Hybrid upper-limb prostheses,
for example, could take advantage of the enhanced control
of the EPP topology while limiting physical loads on the
body using active elements. The application of EPP to new
contexts, such as for users with intact but deficient limbs as
with stroke, also holds potential to see innovative devices
which operate in parallel with peripheral motor systems.
It is our intention that this work may help to inform the
integration of kinesthetic feedback into future research and
designs for assistive and prosthetic devices.
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