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Abstract: Motorised arm supports for individuals with severe arm muscle weakness require precise
compensation for arm weight and elevated passive joint impedance (e.g., joint stiffness as a result
of muscle atrophy and fibrosis). Estimating these parameters in vivo, along with the arm’s centre
of mass, is challenging, and human evaluations of assistance can be subjective. To address this,
a dummy arm was designed to replicate the human arm’s anthropometrics, degrees of freedom,
adjustable segment masses, and passive elbow joint impedance (eJimp). This study presents the
design, anthropometrics, and verification of the dummy arm. It successfully mimics the human
arm’s range of motion, mass, and centre of mass. The dummy arm also demonstrates the ability to
replicate various eJimp torque-angle profiles. Additionally, it allows for the tuning of the segment
masses, centres of mass, and eJimp to match a representative desired target population. This simple,
cost-effective tool has proven valuable for the development and verification of the Duchenne ARm
ORthosis (DAROR), a motorised arm support, or ‘exoskeleton’. This study includes recommendations
for practical applications and provides insights into optimising design specifications based on the
final design. It supplements the CAD design, enhancing the dummy arm’s application for future
arm-assistive devices.

Keywords: dummy limb; mechanical phantom limb; exoskeleton evaluation; arm replica; upper
extremity; joint impedance

1. Introduction

Assistive wearable technologies, such as motorised orthosis or exoskeletons, work in
parallel to the human skeleton to support or augment human motion in terms of strength,
endurance, or function [1-4]. The application of such devices varies [5], from industrial [4,6]
to military [7] to medical (e.g., rehabilitative [8], or daily assistive [9]) use. Developing such
devices requires extensive human testing and evaluation, which brings several challenges.

The first challenge with human testing relates to safety, especially at the beginning
of the development cycle, as it is difficult to predict how new sensors or software systems
behave when interacting with humans. For instance, failure in safety limits or unexpected
behaviour might result in fast, unexpected movements of the limb or even extend the limb
beyond its natural joint limits, potentially resulting in dangerous situations. Moreover,
when developing exoskeletons for a vulnerable population, such as people with severe
muscle weakness or children, obtaining (medical) ethical approval and recruiting subjects
that are willing to be exposed to the potential risks are time-consuming processes and
are therefore not feasible for every phase of development [1]. In addition to safety issues,
developing an exoskeleton is time-consuming, labour-intensive, and, therefore, costly.
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Furthermore, for exoskeletons that aim to compensate for the weight of the human
limb, it is essential to accurately know the properties of the limb to verify the controller’s
performance. However, the properties of human limb, such as their weight and centre of
mass (CoM), can only be estimated indirectly (e.g., using tables from the literature [10,11]).
Especially in the case of populations with neuromuscular disorders, the anthropometrics
might deviate from the available tables due to, for instance, muscle atrophy, bone density
reductions, joint contractures, or deformations.

Moreover, it is difficult for humans to objectively quantify the amount of assistance
provided or distinguish between small changes in controller settings, leading to subjective
or even biased evaluations of the controller’s performance.

During the development of the Duchenne ARm ORthosis (DAROR), as described
in [12], these challenges led to the need for a mechanical phantom. Such a phantom, like a
Dummy Arm, with similar human-limb characteristics, can serve as a tool for verification
for various compensation strategies, and enhances the fast iteration of exoskeleton con-
trol development [1]. The DAROR is an investigational motorised arm exoskeleton that
enhances arm function. It is intended to provide assistance in daily activities for people
with neuromuscular diseases such as Duchenne Muscular Dystrophy (DMD) that cope
with severe muscle weakness and elevated joint stiffness, or, more accurately, ‘passive joint
impedance’ (pJimp). The impedance controller of the DAROR aims to compensate for the
weight of the user’s arm and the elbow pJimp (denoted as eJimp for the remainder of this
work). The term pJimp describes the passive mechanical impedance against motion [13]
resulting from the passive tissue around the joint and limb inertia. For instance, in people
with DMD, this pJimp is elevated, presumably resulting from muscle atrophy, higher levels
of connective tissue, and the development of joint contractures [14].

In the literature, few examples of dummy limbs were found, describing mannequins
with a primary focus on mimicking the outer dimensions of the human limb [15-17]. Others,
described rather complex and costly designs which equipped with sensors and actuators or
soft tissues [1,5,18,19]. For the development of the DAROR, an upper-extremity phantom
limb that is cost-effective, simple in design, and mimics the characteristics of the human arm,
including eJimp, was required to serve as a verification tool for the compensation models.

This work presents the design and verification of a relatively simple, reproducible,
cost-effective dummy arm that mimics human arm characteristics. The novelty of this
design is that it allows us to replicate (elevated) efJimp and is easily adjustable in mass and
CoM to fit various exoskeleton target populations. By sharing our design, we promote the
development of future arm exoskeletons and facilitate the rapid iteration and objective
evaluation of exoskeleton controllers.

2. Materials and Methods
2.1. Dummy Arm Design Requirements

The dummy arm was required to have the following properties:

* A representative and adjustable segment mass and CoM [10,11,20-22];

* A representative forearm anthropometric to fit the DAROR interface sleeve(s);
* A similar DAROR range of motion; see Table 1;

*  An attachment at the base of the frame at the shoulder joint;

*  An adjustable (linear) eJimp;

*  Aninterface to attach additional objects at the wrist location.
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Table 1. DAROR shoulder range of motion.

Joint Rotation Target

GH elevation 11° to 137°
GH horizontal —46° to 138°
GH axial —113° to 65°
El flexion/extension 2° to 120°

Abbreviation: GH, glenohumeral joint; El, elbow.

2.2. Dummy Arm Design

The design of the dummy arm can be divided into several sub-design problems: the
shoulder joint, the elbow joint, the elbow joint impedance, the connection frame, and the
mass of the upper and lower arm. The design of the dummy arm, with its components
together with the DAROR, is shown in Figure 1.

Connection frame
Shoulder joint
Spring attachment point

Mechanical springs
Upper arm mass components
Upper arm strap interface
Pully

Elbow strap interface

Cam

Forearm mass components
Additional weight attachment
Forearm sleeve interface

Figure 1. Picture of the (a) DAROR exoskeleton, the (b) dummy arm design with its components,
and (c) the dummy arm placed inside the DAROR exoskeleton.

2.2.1. Shoulder Joint

The shoulder joint is a complex joint due to its high number of degrees of freedom
(e.g., glenohumeral elevation and horizontal and axial rotation, according to the ISB recom-
mendations [23-25]), as well as its large range of motion. A serial chain of three revolute
joints was used to mimic the three degrees of freedom of the shoulder. However, with
three revolute joints, several configurations are possible. Each has its advantages and
disadvantages with respect to its range of motion and the possible occurrence of gimbal
locking. As the range of motion is primarily restricted by the exoskeleton, which consists of
three actuators mounted in series at an inclination of approximately 60° with respect to each
other [12], a similar configuration for the dummy arm is used. Each of the three revolute
joints consists of a set of two ball bearings (MR95-2Z) to minimise friction and provide
support to possible bending moments. The joints are connected through 3D-printed or
milled aluminium brackets (for the final design milled aluminium brackets were used).

2.2.2. Elbow Joint

The elbow joint can be considered a hinge joint. Therefore, the design of the elbow
joint is relatively straightforward, consisting of two ball bearings (625ZZ) mounted to the
upper arm frame on either side of an axis and attached to the forearm frame.

2.2.3. Passive Elbow Joint Impedance

The impedance of the dummy arm elbow joint is created using a wrapping cam
mechanism. This mechanism consists of a spring attached to a belt, which wraps around a
cam attached to the forearm. Upon rotation of the forearm, the belt wraps/unwraps around
the cam, stretching/relaxing the spring. This is shown schematically in Figure 2. A cam is
attached on either side of the elbow with the belt either wrapping the cam in a clockwise or
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counterclockwise direction to simulate impedance during both the flexion and extension of
the elbow. The current design aimed to mimic the linearised torque profile of the passive
eJimp similar to [26], which is achieved using a circular cam. However, different torque
profiles can be generated depending on the shape of the cam. The torque-angle profile can
be further tuned by changing the spring stiffness (ks) or the spring’s pretension (xg). An
additional advantage of the wrapping cam mechanism is that the springs can be mounted
parallel to the upper arm frame, resulting in a compact design.

L

ks

Figure 2. Schematic of the wrapping cam mechanism to generate the desired joint stiffness. Here, ks
is the spring stiffness, 6 the angle of the elbow, r is a function of 6, defining the cam shape (for the
current prototype, r is constant, resulting in a circular cam), and x is the pretension applied to the
spring. The torque T can be expressed as T = T(6, ks, xg). A detailed discussion on deriving the cam
shape for a given torque profile can be found in [27,28].

2.2.4. Connection Frame

To connect the different components (joints, springs, and weights), a skeleton for
the upper and lower arm is made of aluminium extrusion beams (20 x 20 mm), which
allows the various components to be attached freely along the beam’s length. As a result,
the system is modular, allowing for easy adjustment of different parts. Additionally, the
dummy arm can mimic different human arm sizes using various lengths of beams. A rigid
3D-printed PLA shell is attached to the frame, which mimics the forearm [29] for interfacing
with the exoskeleton sleeve.

2.2.5. Mass and Centre of Mass of the Upper and Lower Arm

Steel plates are mounted to the aluminium beams to mimic the overall mass and
the CoM of the human forearm and upper arm. The location for the mounting of the steel
plates is based on a CAD model, which is used to estimate the CoM. The dimensions of
the dummy arm are based on the biometric data from [10], resulting in an approximate
length of 250 mm for the lower arm and 300 mm for the upper arm. The segment mass
parameters are based on the work of [10,11,20,22], with a mass of approximately 1.6 to
2 kg for the upper arm and 0.9-1.1 kg for the forearm. The mass of the hand (ca. 400 g)
is not included, but it can be attached separately alongside additional weights to mimic
lifted objects in the hand if deemed necessary. The advantage of using a modular system
consisting of aluminium extrusion profiles is that properties such as its mass and CoM can
be easily adjusted to the desired application by removing or adding weights and shifting
their position. As such, the dummy arm can be adjusted to simulate different arms.
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2.2.6. Verification of Design

The verification of the dummy arm consists of two parts. First, the direct measurement
of the segment properties of the dummy arm is performed by weighing the segment mass
and estimating the CoM in the direction of the limb with respect to the proximal joint. This
latter property was measured by hanging the upper and forearm individually to a rod with
two ropes connected to the endpoints of the limb segments. The location on the rod where
it needed to be held fixed to keep the rod in balance (level) was taken as the CoM location.
The second part verifies the realised eJimp with four different spring-type configurations.
This is done using the DAROR set-up. The DAROR moves the dummy arm elbow joint
(position-controlled) through a range-of-motion cycle (either ca. 10-109° or 40-116°) with
approximately 8 static intervals, while the shoulder joint remained in a neutral position (ca.
GH elevation: 10°, horizontal 10°, axial 0°). A video showing this procedure is available in
the Supplementary Materials. The joint torque is measured by the deflection of the series
elastic element in the actuators (torque accuracy 0.5 Nm, torque precision 0.4 Nm, ref. [12])
in the elbow actuator. The range-of-motion cycle is repeated with and without springs
attached to the dummy arm elbow joint. First, these torque-angle profiles are fitted to
a Sth-order polynomial (polyfit, polyval) using MATLAB (version 2021b). Then, these
torque-angle profiles measured with and without the attached springs were subtracted to
receive the measured eJimp of the dummy arm. Additionally, a first-order fit of this eJimp
was created to compare the realised Jimp slope, offset, and equilibrium (zero-crossing) to
the average human efJimp measured in twelve non-disabled male individuals in the study
of Filius et al. [26].

3. Results

The dummy arm was developed and fabricated based on the design requirements.
Table 2 summarizes the realised characteristics of the dummy arm in terms of its mass,
CoM, and eJimp characteristics, and compares it to the intended human model and the
CAD design parameters. The table shows that the mass and CoM of the realised dummy
arm is comparable to the human arm model, but is tunable by adjusting the position and
number of steel plates, as mentioned in Section 2.2.5.

Table 2. Comparison of the mass and centre of mass (CoM) based on CAD with real-life measurements.

Human Model Dummy Arm CAD
Mass ? CoM P Mass CoM Mass CoM*
kg mm kg mm kg mm
2.5
< 1.6-2 137 1.8 140 1.7 —140.2
-]
-2.0
-0.2
< 0.9-1.1 106 1.0 110 1.0 —112.7
2.6

Abbreviations: UA: Upper arm; FA: Forearm; CoM, centre of mass; eJimp, passive elbow joint impedance; z,
zero-crossing (equilibrium point); M, mean; SD, standard deviation. All CoM values are expressed with respect
to the proximal joint centre. # Retrieved from [10,11]. b Based on average locations of COM as ratio of segment
length of dummy arm, retrieved from Table 4 of [10]. © The second element (y-axis) is aligned with the limb in a
proximal direction, and the first element (x-axis) points laterally.

3.1. Joint Impedance Realisation

The realised eJimp in the dummy arm is compared to the measured human eJimp from
our previous work [26] and presented in Figure 3. This previous work used an active elbow
support set-up to identify the human eJimp in twelve non-disabled male individuals. The
actuator placed at the elbow joint rotated the participant’s forearm over the elbow’s range
of motion in the horizontal plane. In this plane, the gravitational component of the passive
forces exerted on the elbow joint remains constant. A six-degrees-of-freedom force/torque
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sensor on the forearm interface sleeve measured the elbow joint moments, representing
the human eJimp [26]. Figure 3 shows the human eJimp model as a group average and
standard error of the mean of the identified human eJimp and compares this to the realised
eJimp of the four spring types.

Depending on the selected spring type and pre-tension of the springs, different eJimp
characteristics were realised; see Table 3. Spring type 4 has the most representative equi-
librium point (i.e., where the torque-angle curve crosses the zero-line) compared to the
human model. The slope of type 2 is more representative of the slope of the non-disabled
eJimp, whereas the slope of spring type 4 could represent an elevated eJimp.

Realized passive elbow impdeance

Elbow joint moment [Nm)]

/ Human model

—— Spring type 1
-3} / Spring type 2
—3¢— Spring type 3
~—4— Spring type 4

74 L L L 1 1
30 40 50 60 70 80 90 100 110

Elbow flexion angle [deg]

Figure 3. The realised passive eJimp using different spring types compared to the average human
eJimp model of 12 non-disabled male individuals, with data retrieved from [26]. The solid grey line
represents the group average, and the shaded area shows the standard error of the mean.

Table 3. Passive eJimp characteristics of different spring types compared to human model.

1st-Order Fit z (M + SD)
Nm/rad x + Nm deg
Human model 1.14x —1.29 66 + 11
Spring type 1 4.31x —2.46 74
Spring type 2 1.29x +1.45 -
Spring type 3 3.04x — 0.03 48
Spring type 4 3.67x —1.24 63

Abbreviations: z, zero-crossing (equilibrium point); M, mean; SD, standard deviation.

3.2. Activities of Daily Living

The achieved range of motion of the shoulder joints is larger than the shoulder range
of motion of the DAROR set-up, and the elbow joint is similar to the range of motion of a
human arm in the DAROR set-up [12]. This achieved range of motion is sufficient to reach
the desired activities that are considered relevant for daily living for this application. To
illustrate the sufficient range of motion of the dummy arm in the DAROR set-up, some
static poses of the relevant activities of daily living are displayed in Table 4. Moreover, the
dummy arm design allows for the attachment of an additional object at the wrist location,
which is illustrated in the third column (c), where a 200 g mass is attached to the attachment
point to simulate a lifted object in hand.
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Table 4. Illustration of the range of motion of the dummy arm for a set of activities of daily living.

a. Tabletop Activities b. Feeding Activities c. Lifted Object (200 g)

3.3. Cost-Analysis

The material costs for the various components of the dummy arm are listed in Table 5.
Here, labour costs are not included in this overview, as they are dependent on the available
facilities. Moreover, the costs of a 3D-printed shoulder joint are considered. However, a
milled aluminium shoulder joint will be more expensive, especially due to the involved
labour and equipment costs. The approximate fabrication time is around 5 h in the case of
a 3D-printed shoulder joint, and for milled aluminium joints, an additional 5-10 h should
be taken into account, depending on proficiency and the available equipment.

Table 5. Material costs of the various components. If the costs depend on the material properties, the
total weight or length is reported. Dimensions of the different sub-components can be retrieved from
the CAD files in Supplementary Materials S1. Costs are rounded to the nearest EUR 0.50.

Material Costs

Bearings EUR 13.50
Frame EUR 6.00 (550 mm)

Mounting materials EUR 15.00
Axes EUR 1.00 (200 mm)
Weights EUR 12.50 (1.9 kg)

Springs EUR 11.00

Belt and pulleys EUR 13.00

PLA filament EUR 6.50 (280 g)
Total EUR 78.50

4. Discussion

This work aims to present the design of a relatively simple, reproducible, and cost-
effective dummy arm that can be used as a verification and development tool for (motorised)
upper-extremity exoskeletons. The dummy arm mimics the human arm mechanics with
adjustable mass, CoM, and eJimp characteristics. The forearm design simulates the shape
of a human forearm and allows for the attachment of additional weights at the wrist to
simulate (objects lifted in) the hand.
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4.1. Limitations

Some simplifications are made when comparing the dummy arm with a human arm.
First of all, it is assumed that the joints are ‘ideal” joints (e.g., having a fixed centre of
rotation), whereas, in reality, human joints have complex surface geometries and show
shifts in their joint axis of rotation during motion [30]. This is especially apparent for
the shoulder joint, as the elevation or suppression of the scapula occurs in most elevation
movements. Joint misalignment might exert excessive interaction forces on the dummy arm,
especially as the dummy arm joints give no slack. Therefore, there is little compensation
possible against misalignment. This has practical implications, as the 3D-printed parts
at the elbow joint may fatigue or fail when subjected to substantial joint misalignment.
However, as opposed to human joints, the dummy arm joint centres are more easily visually
aligned with the joints of the DAROR set-up.

Since the dummy arm is not instrumented with sensors like that in the work of [5,19],
no feedback on the possible effects of joint misalignment between the dummy arm and
exoskeleton could be obtained. Including sensors in the design would allow us to inves-
tigate influences of joint misalignment. However, adding sensors adds complexity and
costs to the design of the dummy arm. Therefore, depending on the research interest, it
must be considered whether it is worth including these components, or whether a simpler
version might suffice. Moreover, since human joints are not ‘ideal’ like the simplified joints
of the dummy arm, the measured interaction forces in a phantom limb might deviate from
real-world scenarios with a human limb.

The generalisability of the dummy arm design to other upper-extremity exoskele-
tons has not yet been investigated. However, by providing our CAD design in the
Supplementary Materials, we enable others to make the necessary adjustments for var-
ious exoskeleton applications.

4.2. Recommendations

Although beyond the scope of the current study, it is of interest to investigate whether
the realised eJimp characteristics of the dummy arm spring types are representative of
people with neuromuscular disorders who cope with elevated eJimp. Different spring
characteristics could approximate the human eJimp more closely. This requires more
investigation. Potentially, the torque-angle profile of people with DMD is less likely to
behave linearly. As mentioned above, the dummy arm eJimp profile can be further tuned
by adjusting the shape of a cam (wrapping cam mechanism). Examples of this can be found
in the work of [28], who used a serial wrapping cam mechanism to design an upper-limb
assistive device. A more general description of the design and use of a wrapping cam
mechanism can be found in the work of [27].

Although not of interest within the current application, several directions exist in
which to improve the dummy arm. For instance, the force transmission between the
dummy arm and the exoskeleton could be considered. In reality, due to the soft-tissue
deformation of the skin and subcutaneous tissue, the transmission of the forces to the arm
is different than when a rigid structure is used. A possible solution would be to use a soft
outer layer for the dummy arm, similar to what is done by the authors of [1]. Moreover,
since humans have no ideal joints, it might be worth investigating, depending on the
research interest, making the joints more human-like to allow for small shifts in the joint
axes of rotation. However, adding soft tissue, or more human-like joints, adds complexity
and costs to the design of the dummy arm.

To reduce the costs of the design, the shoulder brackets could also be 3D-printed.
Nevertheless, care should be taken with the load demands on the material in combination
with the material selection and manufacturing techniques. Otherwise, a redesign of the
brackets to strengthen these structures is recommended. After our initial PLA 3D-printed
shoulder bracket failed, we decided to mill the shoulder from aluminium.

The advantage of using a modular dummy arm is that it can be adjusted to the
anthropometrics for different populations, such as children or people with pathologies
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affecting the upper extremity (e.g., DMD, spinal muscular atrophy, amyotrophic lateral
sclerosis, stroke). By making use of a more patient-like dummy arm, the burden on patients
for the development of exoskeletons can be decreased, as the tests can be very exhaustive
and demanding for patients. Testing time with vulnerable patients is also limited, while a
dummy arm is always available. Therefore, using a patient-like dummy arm allows for
faster assistive or rehabilitative exoskeleton development. However, the translation of the
exoskeleton performance with the dummy arm to the intended target population should
be further investigated.

Lastly, it is challenging to objectively compare the performance of exoskeletons with
respect to each other, especially as the performance metric (e.g., perceived level of provided
support) can become very subjective and differ across the reachable workspace. Using
standardised dummy arm and objective evaluation methods allows for a more objective
comparison of exoskeleton performance, which is relevant for the patients as well for the
developers, as it can point to possible areas of improvement.

5. Conclusions

The current dummy arm successfully mimicked the characteristics of the human
arm and was proven to be a helpful development and verification tool for the developed
investigational DAROR exoskeleton. Since the design is relatively simple, reproducible,
and cost-effective, it promises to serve more arm exoskeleton applications, and is therefore
shared. The design allows for easy adjustment of the mechanical properties (e.g., mass,
CoM), outer dimensions, and eJimp torque-angle profiles to fit the specific characteristics
of a (vulnerable) intended target population. Using such dummy limbs, like the dummy
arm, enhances the fast iteration and objective evaluation of new control strategies, and can
save time, labour, and the burden of voluntary participants, who may be exposed to safety
risks in an early stage of exoskeleton development.

Supplementary Materials: The CAD design of the dummy arm can be downloaded at https://
doi.org/10.4121/3c4fa57d-3fc6-4e27-933c-00a02a6e5a33. A supporting video is available at https:
/ /www.mdpi.com/article/10.3390/biomimetics9100579/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

pJimp passive joint impedance

eJimp passive elbow joint impedance
CoM centre of mass

DAROR Duchenne ARm Orthosis

GH glenohumeral

CAD Computer Aided Design
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