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Abstract—Physical human-robot interaction (pHRI) interfaces
are responsible for ensuring safe, comfortable, and effective force
transfer between wearable devices and their users. However,
analysis is often oversimplified by treating the human-robot
attachment as a rigid connection and using gross load measure-
ments. As a result, information about the distribution of forces
across the human-robot contact surface is lost. In this paper,
we present an analysis method to predict distributed loading
across a pHRI interface based on a model with discretized
elastic elements that account for compliance from human soft
tissue and the robot attachment. Stiffness properties of a proxy
upper arm are measured with an indenter and used in the pHRI
interface model. The analysis is performed assuming a rigid arm
model, consistent with the underlying assumption in literature,
and repeated using the proposed compliant arm model with
measured elastic properties. The distributed loading predicted
by the pHRI interface model is validated with measurements
from a sensorized upper arm cuff on the Harmony exoskeleton.
Our results reveal that a model incorporating compliance at the
human-robot attachment is necessary to improve prediction of
distributed interface loads. This motivates the need for human-
centered analysis which can enable finer control of interaction
forces and help design more ergonomic attachment interfaces.

I. INTRODUCTION

Wearable robots are an emerging technology in many fields
such as rehabilitation, assistive devices, human augmentation,
and haptics [1], [2], [3]. The physical human-robot interaction
(pHRI) interface consists of the mechanical attachment be-
tween the user and the robot which is responsible for ensuring
safe, comfortable, and effective force transfer [4]. Magnitude
and distribution of pressures at the human-robot interface are
critical factors in determining the comfort and safety of a
wearable device [5]. Unsafe pressures can cause injury and
degradation of tissue health, which is especially relevant in
sensitive populations with a high rate of disuse of assistive
devices [6]. Moreover, understanding and modeling the nature
of interaction at the pHRI interface is critical for ensuring ef-
fective force transfer as intended by the device. This is relevant
in all applications of wearable robots ranging from achieving
intended task dynamics in haptics [7] to avoiding abnormal
synergies in stroke patients undergoing rehabilitation [8].

The standard performance metric used to evaluate pHRI
in the literature is single-point force/torque measurement at
the human-robot interface, often obtained through a six-
axis load cell located near the attachment [9], [10]. While
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such force/torque data provides valuable information about
human-robot interaction at a macro level [10], [11], [12], it
is insufficient for understanding the exact loads experienced
by the human user distributed across the physical interface
surface. Assuming six-axis force/torque measurements directly
translate to loads sensed by the human incorrectly treats the
pHRI attachment as a rigid connection, failing to consider
compliance from human soft tissue and robot attachment
materials. In reality, the stiffness of soft tissue at different
locations on the human body plays an important role in
determining behavior at human-robot interfaces [13], [14].

Recent developments in distributed sensing technolo-
gies [15], [16] present a promising solution for analyzing pHRI
at the human-robot contact surface. However, such sensors
can only provide information during or after the experiment
and cannot always be integrated at human-robot interfaces. An
analysis model can be used to determine distributed loads at
the pHRI interface in advance based on expected interaction
force/torque values. This can address the lack of distributed
interface load sensing by providing researchers with better
information in regards to forces transmitted to the human.
Such an analysis framework can be used to predict distributed
interface loads beforehand through simulation, enabling finer
control of forces experienced by the human and allowing
researchers to study which design factors optimize pHRI
interfaces for comfortable and effective force transmission.
While previous works have described trends in distributed
measurements [15], [16], [17], no focused effort has been
made to predict distributed interaction forces based on six-
axis load cell measurements.

Building on Varghese et al. [14], our work analyzes the
upper arm attachment interface (Fig. 1) with a pHRI model
based on discretized elastic elements that account for human
and robot compliance. The goal of the model is to predict

(a) Harmony exoskeleton

(b) Upper arm cuff cross section

Fig. 1: The left arm of the Harmony upper limb exoskeleton. A
cross section view of the highlighted upper arm pHRI interface
is shown.



distributed loads at the human-robot interface based on general
six-axis force/torque measurement at the attachment. The
analysis presented in this paper shows that characterization
of the surface compliance in the human limb leads to a
more accurate pHRI interface model, resulting in improved
prediction of distributed interface loads.

II. METHODS

The analysis method discretizes the upper arm interface
with either a rigid arm model or a compliant arm model
(Fig. 2). A sensorized cuff measures the distributed loads
transmitted across the discretized interface, and the level of
compliance at each location in the model is based on stiffness
measurements from an indenter device. The model is simu-
lated given force/torque measurements from a load cell and
calculates the distributed loading expected at the human-robot
interface surface. Experiments conducted with the Harmony
exoskeleton and a proxy upper arm made of polyethylene
foam are used to validate the pHRI interface model’s ability to
predict distributed loads under two assumptions: a rigid upper
arm and a compliant upper arm.

A. Sensorized Upper Arm Cuff for the Harmony Exoskeleton

Harmony is a powered bilateral exoskeleton designed for
rehabilitation of shoulder and arm function [18] (Fig. 1a). It
has been designed to apply controlled training protocols for
rehabilitation such as repetition of passive movements with
robot assistance [19]. In particular, this work focuses on the
upper arm cuff attachment (Fig. 1b) which is one of Harmony’s
primary pHRI interfaces.

Most robots, including the Harmony exoskeleton, make use
of single-point six-axis force/torque sensors to characterize
interaction loads and are thus unable to capture the distribution
of forces along the interface surface. Towards this detailed
characterization of interaction at the human-robot interface, we
have designed a sensorized upper arm cuff (Fig. 3) using force
sensing resistors (FSRs) [20]. FSRs are able to measure surface
forces and present a small footprint (diameter = 9.53mm),
making them ideal for this application. Data collection from
the FSRs was done through an NI-9205 module on an NI
CompactRIO (National Instruments, Austin, TX) at a rate of
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Fig. 2: The pHRI interface model of the upper arm attachment
is used for analysis in simulation. The arm and cuff are
modeled as discretized elastic elements in contact across the
skin’s interface surface. Elements of the schematic include:
1) rigid bone, 2) soft tissue stiffness, 3) skin surface, 4) cuff
stiffness, and 5) rigid robot.
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(a) Sensorized cuff top view

(b) Sensorized cuff cross section

Fig. 3: The sensorized upper arm cuff (blue) is discretized
into 21 sections. There are three rows labeled A, B, and C,
with row A closest to the shoulder and row C closest to the
elbow. There are seven angular locations spaced 35 degrees
apart designated O through 6. The load cell (green) is mounted
between the cuff and the robot as shown.

Fig. 4: Side view and functional schematic of the indenter
device used to characterize stiffness of the upper arm. A linear
encoder (blue) attached to the indenter head (brown) and a
single-axis force sensor (orange) on a linear rail measure the
force-displacement response.

100Hz. These sensors were calibrated prior to the experiment
with an average load error of 0.35N £ 0.27N.

A total of 21 FSRs are installed in the sensorized upper arm
cuff across three rows (Fig. 3a) and seven angular locations
(Fig. 3b). The 21 FSR locations on the sensorized upper arm
cuff define the discretization of the pHRI interface which is
used during analysis. The cross section view (Fig. 3b) also
highlights the placement of the six-axis load cell relative to the
sensorized cuff which defines how force/torque measurements
are transmitted to the pHRI interface in the model. This new
design allows data collection from a number of points on the
interface resulting in a complete picture of the load distribution
across the cuff.

B. Indenter Device to Characterize Upper Arm Stiffness

To ensure comfortable and effective force transfer between
the human and the robot, it is important to include viscoelastic
properties of human soft tissue and the robot interface during
analysis of force transmission. Indentation and tensile methods
have been used to measure elastic properties of biological soft
tissue [21] by relating tissue displacement to applied force.
However, most in-vivo measurements have analyzed the elastic
properties of the skin, focusing on micron-level displacements
and small forces. In reality, forces transmitted between human
users and wearable robotic devices can be much higher, and



there is a need to understand the properties of human tissue
under higher ranges of force and displacement.

We have developed a custom device to measure stiffness
from the force-displacement response of the human arm
(Fig. 4). This device includes an indenter with customizable
geometry that is mounted on a linear sliding rail. In this
study, we use a cylindrical geometry (9mm diameter) and
the stiffness value is converted into a distributed measurement
across the contact surface area when used in the pHRI interface
model. Linear displacement is measured using an EM1 optical
encoder (US Digital, Vancouver, WA) with a resolution of
1/500 inch (0.025 mm), and applied force is measured using
an FS20 single axis force sensor (TE Connectivity, Berwyn,
PA). The location of indentation can be adjusted axially along
the length of the arm or radially around the circumference
of the arm. Data from the force sensor and the encoder are
acquired using the NI-6356 module (National Instruments,
Austin, TX). The displacement and force data are plotted using
a MATLAB script in real-time during operation and saved for
further analysis.

To measure surface stiffness of the arm, the subject is seated
and the arm is secured inside the circular structure such that the
humerus bone is approximately centered. In the case of a proxy
upper arm, both ends of the rigid bone structure are mounted
and measurements are made on the soft foam surface. An
operator moves the indenter to the appropriate position around
the arm where the stiffness value is of interest. These locations
correspond to the 21 discretized segments from the upper arm
cuff (Fig. 3b) with measurements at seven angles across three
rows. The operator manually indents the arm while monitoring
the applied force in real time and repeats the process twice
at each discretized location. The force is zeroed during the
first three seconds of the trial, and the indentation onset is
determined using a difference threshold for the force value.

C. Simulation Based on Human-Robot Interface Model

The pHRI interface is modeled as a physical system with
compliant elements (Fig. 2). The rigid bones of the human
skeleton and the rigid links of the robot act as ground reference
structures. The stiffness of the soft tissue in the upper arm and
the stiffness of the robot’s cuff are both assumed to behave as
a set of elastic springs in series. The strap pretension is taken
into account by applying a fixed force at the strap handles on
the upper arm cuff. The current pHRI model does not include
soft tissue damping properties. While they will be included
in future dynamic simulation models, viscoelastic relaxation
through indentation has shown that elastic properties capture
the majority of soft tissue behavior [21]. However, muscle
contraction plays a bigger role in interaction behavior and
is a limitation of this model. Future efforts will incorporate
muscle activation and its effect on viscoelastic properties at
the interface.

This model is simulated in SolidWorks 2020 (Dassault
Systemes SolidWorks Corporation, Waltham, MA) as a finite
element analysis (FEA) based on a linear static study [22]
developed with the CAD of the upper arm cuff and its

interfacing components. The soft tissue stiffness is defined
uniquely for each location throughout the discretized interface
surface as individual elastic supports based on measurements
from the indenter device. The cuff stiffness is captured in the
CAD model and determined by material properties. The inputs
for the simulation are the six-axis interaction forces/torques as
well as the strap pretension. The outputs from the simulation
are the distributed loads measured at each location on the
discretized interface surface. While this study considers 21
locations on the upper arm pHRI interface, the level of
discretization can be adjusted in the simulation depending on
the desired analysis.

III. EXPERIMENT DESIGN

Experiments were performed with the Harmony exoskeleton
and a proxy upper arm (Fig. 5). The proxy arm is built with
polyethylene foam which possesses compliant properties that
are comparable to those of soft tissues on a human arm. The
polyethylene foam is mounted on a rigid cylindrical core that
replicates the grounding location of a rigid human bone. The
use of a proxy upper arm ensures stiffness doesn’t change
over time and serves as the first step in validation of our
pHRI interface model. This approach is inspired by similar
methods used in previous pHRI research [23], [24]. Future
human subject testing will account for changing stiffness of
the upper arm due to muscle contraction, viscous properties
of soft tissue, and other biomechanical effects.

Two experimental protocols were used to explore pHRI
at the upper arm interface. In each protocol, the Harmony
exoskeleton starts at the same home position, and the strap
pretension at the upper arm cuff is measured to be 1SN +0.1N.
The human-robot attachment interface is loaded in two differ-
ent directions within each experimental protocol. In reference
to Fig. 3b, vertical loading corresponds to the y-axis of the load
cell, and horizontal loading corresponds to the z-axis. Time
series data recorded for experiments include single-point six-
axis load cell measurements and distributed interaction forces
from the 21 FSRs on the sensorized cuff.

(a) I-Act

(b) II-Pass

Fig. 5: Experiment setup with the proxy upper arm and the
Harmony exoskeleton (cuff straps not shown). In the active
experiment (I-Act), the proxy upper arm is loaded while the
robot is grounded. In the passive experiment (II-Pass), the
proxy upper arm is grounded while the robot is actuated.



A. Experiment I-Act: Active Subject with Proxy Arm Loading

In the first experiment, the Harmony exoskeleton is fixed
at its home position, and the proxy upper arm is loaded
either horizontally or vertically (Fig. 5a). Three different loads
(11.1N, 33.4N, and 55.6N) are applied by hanging weights,
and a pulley system is used for horizontal loading. This
experiment imitates active movement of a human subject
against a robot and is labeled I-Act.

B. Experiment II-Pass: Passive Subject with Robot Actuation

In the second experiment, the proxy upper arm is grounded,
and the Harmony exoskeleton is actuated at the shoulder joint
(Fig. 5b). Two types of shoulder actuation are performed:
horizontal abduction-adduction or vertical flexion-extension.
Each actuator rotates through 10 degrees and imparts a cor-
responding horizontal or vertical load at the pHRI interface.
This experiment corresponds to a passive human user whose
movement is driven by a robot providing assistance and is
labeled II-Pass.

C. Experiment Setup in Simulation

Both the active (I-Act) and passive (II-Pass) experiments
are analyzed via simulation as described in section II-C. First,
the simulation is processed assuming a rigid upper arm such
that the soft tissue elastic elements (Fig. 2) are fixed. Next,
the proxy upper arm stiffness values measured by the indenter
device introduced in section II-B are included in the model,
and a second set of simulations is performed assuming a
compliant upper arm.

For the active experiment (I-Act), each type of simulation
is performed four times in total: once during the no load
condition and once during each of the three loading condi-
tions. For the passive experiment (II-Pass), each simulation is
performed once before the robot is actuated and once at each of
three points in the robot’s actuation when the sinusoidal joint
trajectory is at the minimum, midpoint, and maximum. The
experimentally measured distributed loads are calibrated to
zero based on the initial offset measured during the no loading
period. Similarly, the distributed loads from the simulation
output are calibrated to zero based on the simulation results
for the no load condition. For both experiments, three trials
are considered for each loading or actuation condition.

IV. RESULTS
A. Upper Arm Surface Stiffness

The force-displacement response of the proxy upper arm
is relatively linear with a mild hysteresis effect (Fig. 6a).
Stiffness was calculated as the average of the slopes from lines
fitted to the unloading plots. While the loading and unloading
curves have similar slopes, the unloading data are preferred
in literature [14] and represent a closer approximation of the
proxy arm when it is preloaded by the cuff during experiments.
The calculated stiffness values at the 21 points around the
proxy arm surface are shown in Fig. 6b. As expected, the
stiffness values are similar across the proxy arm and average
to 4242N/m=+251.5N/m.

B. Simulation Performance: Rigid Arm and Compliant Arm

The goal of the pHRI model in simulation is to predict
distributed interface loads measured by the sensorized upper
arm cuff during experimentation. Thus, the root mean square
error (RMSE) is computed by comparing experimental FSR
data with simulation output based on Eq. 1 where the dis-
cretized location is represented by i = A,B,C corresponding
to the row and j =0,1,2,...,6 corresponding to the angular
position on the cuff (Fig. 3). In this case, N = 21 given
the 21 discretized locations on the upper arm interface. For
each loading condition within each experiment, two RMSE
values are computed for each trial. The first compares the
simulation with a rigid arm to experimental data while the
second compares the simulation with a compliant arm to
the same experimental data. The RMSE values are shown in
Fig. 7a (I-Act) and Fig. 7b (II-Pass).
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The distributed interface loads are visualized as heat maps
of forces across the 21 discretized locations to observe trends
within data. Fig. 8a shows the six-axis force/torque mea-
surements during the active experiment (I-Act) for horizontal
loading at the second load, 33.4N, during the first trial. Fig. 8b
shows heat maps that represent the corresponding distributed
loads from experimental and simulation data. The first heat
map shows experimental data collected by the sensorized
upper arm cuff. The second heat map shows simulation data
with a rigid upper arm, whereas the third heat map shows
simulation data with a compliant upper arm.

V. DISCUSSION

Since pHRI interfaces are critical points of interaction
between the human and the robot, it is imperative to ac-
curately monitor and control the behavior they impose to
ensure comfort and safety of the human user. We introduce
an interface model in simulation that uses six-axis load cell
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Fig. 6: A sample indentation response for the proxy arm and
the measured stiffness values around the proxy arm surface
for three rows (A,B,C) and 7 angular locations (0,1,...,6).
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Fig. 7: Bar plots of the RMSE comparing predicted distributed
loads from simulation to measured distributed loads from the
sensorized cuff. Each bar represents the average RMSE of
three trials at that loading condition, and the error bars show
the standard error for RMSE across three trials. L1, L2, and L3
correspond to the three load levels (11.1N, 33.4N, and 55.6N).

measurements from the Harmony exoskeleton and stiffness
values for the proxy upper arm to predict distributed loads
across the upper arm cuff interface. Two simulation versions
are used to explore the rigid arm assumption and the compliant
arm assumption. We compare the performance of each version
of the simulation to experimentally collected load distributions
from the sensorized upper arm cuff.

The results from the simulation with a rigid upper arm
assumption can be observed from the respective RMSE values
(Fig. 7a and Fig. 7b). While this simulation predicts the
general trends observed in experimental data, the RMSE values
approach 5N in many loading cases and even reach up to
13N. High RMSE values indicate inaccurate prediction of
pHRI interface forces which can lead to dangerous loads at
the human surface. For context, pain pressure threshold (PPT)
is a clinical metric used to define the minimum force which
induces pain. While PPT measures vary, the lowest upper arm
PPT based on [25] is 120kPa, corresponding to a maximum
force of 84N at a discretized location. Thus, the high RMSE
values observed in the rigid arm simulation approach 15% of
the maximum accepted load, making it increasingly unreliable
to maintain user safety while optimizing device performance.

In Fig. 8b, the horizontal loading case with forces applied
in the z-axis of the load cell (see Fig. 3b) is shown, where
most of the distributed interface loads are expected to be at
angular locations 5 and 6 with unloading expected at locations
0 and 1. This is evident on the first heat map representing
experimental data from the sensorized cuff. As evident by the
second heat map (Fig. 8b), the simulation with a rigid arm
not only predicts high loads but incorrectly concentrates all of
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(b) Distributed loads at 21 discretized locations

Fig. 8: The active experiment (I-Act) with the horizontal
loading of the proxy arm at the second load (33.4N) is shown.
Six-axis load cell measurements are illustrated in the x (red),
y (green), and z (blue) axes. Heat maps show corresponding
experiment and simulation results. The first heat map illus-
trates experimental data measured from the sensorized upper
arm cuff. The second and third heat maps show simulation
data for the rigid arm and compliant arm cases, respectively.
The vertical axes correspond to rows of the pHRI interface
(Fig. 3a), and the columns correspond to angular locations at
the pHRI interface (Fig. 3b).

them at angular location 5. Similar errors are observed across
loading cases. Given the mediocre performance of the rigid
arm simulation, it becomes apparent that elastic properties of
the proxy upper arm must be characterized to build a better
pHRI interface model.

The second analysis conducted with the compliant arm sim-
ulation includes measured discretized stiffness values of the
proxy upper arm (Fig. 6b). The RMSE values (Fig. 7) indicate
that our proposed compliant arm simulation performs better at
predicting distributed loads at the pHRI interface compared to
the simpler rigid arm simulation. Further inspection of the
third heat map (Fig. 8b) shows that compliant modeling of
the upper arm helps the simulation predict accurate loading
at angular location 5. Similar trends for the compliant arm
simulation are observed at other load conditions.

In both experiments (I-Act and II-Pass), the RMSE values



show a positive correlation with increasing load or level of
actuation. This might be explained by losses during force
transmission at the pHRI interface which are not captured
by the model during simulation. Another possible source
of discrepancy is the sensorized upper arm cuff and how
it is modeled. While the simulation assumes all loads are
transmitted through the FSRs, as was the intention with the
sensorized cuff design, it is likely that at least some loads
are transmitted onto other surfaces. Future work will aim to
address this shortcoming with better design and modeling.
Lastly, the vertical loading condition during the active
experiment (I-Act) stands out because of the high RMSE
values at high loads. Even analysis with a compliant upper
arm fails to accurately predict distributed interface loading in
this scenario. A likely explanation for this error comes from
the impedance control of the robot resulting in unintended
movement of robot joints leading to unexpected movement
in the arm in response to large loads. Inconsistency from the
velcro strap is another potential source of error. While loading
in the horizontal direction mainly manifests on the sides of the
cuff itself, loading in the vertical direction has more influence
from strap forces. Thus, strap material properties and initial
pretension become more relevant in this loading condition.

VI. CONCLUSION

In this paper, we show that a pHRI model allows us to
understand how forces and torques are transmitted across the
human-robot interface surface as distributed loads. We also
demonstrated that our proposed approach for modeling the
pHRI interface with compliant properties of the limb leads to
a better estimation of distributed loads at the attachment as
compared to the rigid connection assumption. This study un-
derscores the need for distributed measurement to understand
the fine nature of forces directly at the location of interaction.
Future work will extend this pHRI analysis to include human
subject testing and dynamic loading conditions. This approach
lays the groundwork for modeling physical human-robot in-
teraction which is critical for the next generation of wearable
devices designed to integrate with human users.
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