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Abstract

Despite significant technological progress in prosthetic hands, a device with functionality akin to a biological
extremity is far from realization. To better support the development of next-generation technologies, we
investigated the grasping capabilities of clinically prescribable and commercially available (CPCA) prosthetic hands
against those that are 3D-printed, which offer cost-effective and customizable solutions. Our investigation utilized
the Anthropomorphic Hand Assessment Protocol (AHAP) as a benchtop evaluation of the multi-grasp performance
of 3D-printed devices against CPCA prosthetic hands. Our comparison sample included three open-source
3D-printed prosthetic hands (HACKberry Hand, HANDi Hand, and BEAR PAW) and three CPCA prosthetic hands
(Ossur i-Limb Quantum, RSL Steeper BeBionic Hand V3, and Psyonic Ability Hand), along with including previously
published AHAP data for four additional 3D-printed hands (Dextrus v2.0, IMMA, InMoov, and Limbitless). Our
findings revealed a notable grasping performance disparity, with 3D-printed prostheses generally underperforming
compared to their CPCA counterparts, specifically in cylindrical, diagonal volar, extension, and spherical grips.

We propose that the observed performance shortfalls are likely attributed to the design or build quality of the
3D-printed prostheses, owing to the fact that 3D-printed hands often have a lower technology readiness level for
widespread use. Addressing the limitations highlighted in this work and subsequent research will play a crucial role
in refining the design and functionality of both 3D-printed and CPCA prosthetic devices.
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Background

The human hand is a sophisticated biological machine
that allows individuals to perform a range of activities,
from delicate precision grasping tasks to robust and pow-
erful gripping actions. Consequently, upper-limb loss not
only interferes with a person’s ability to perform activi-
ties of daily living, but may also trigger a broad range of
emotional and psychological problems, including anxi-
ety, depression, and post-traumatic stress disorder [1-3].
Although there may be some uncertainty in long term
predictions, the increasing prevalence of upper-limb dif-
ference, with estimates suggesting 540,000 patients cur-
rently in the United States and an annual addition of
30,000 cases, demands urgent and advanced progress in
prosthetic technologies [4, 5].

Despite centuries of work towards the creation of arti-
ficial limbs, the development of a device whose function
closely approaches that of a biological extremity is far
from realized. Abandonment rates of upper-limb pros-
theses remain high, with an estimated 44% of individu-
als living with limb difference choosing to discontinue
using a prosthesis [6]. Additive manufacturing, or 3D
printing, began to influence the field of prosthetics in
2012, when the first 3D-printed prosthesis, “Robohand’,
was introduced [7]. Since 2012, the field has continuously
evolved, bringing to market a variety of open-source
3D-printed prosthetic models. This method significantly
reduces production costs, with 3D-printed prostheses
starting as low as $19USD in raw materials and parts, in
stark contrast to clinically prescribable and commercially
available (CPCA) devices that can often cost upwards of
$20,000USD [8-10]. The affordability and accessibility of
3D printing have also made prosthetics research more
inclusive, enabling studies across labs with varying fund-
ing levels and promoting a diverse research ecosystem.
This technology not only facilitates rapid prototyping,
allowing for the swift design, production, and testing of
prosthetic components but also supports the customiza-
tion of designs to meet individual anatomical needs and
preferences. Such flexibility is key from a research and
design perspective when exploring prosthetic functional-
ity and enhancing user comfort. Despite these advance-
ments, 3D printing technology in prosthetics is still
maturing, and comprehensive research into the dexterity
and functionality of 3D-printed prosthetic hands, as jux-
taposed with CPCA prostheses, remains in the nascent
stages.

Previous research in prosthetics has often been com-
partmentalized, with studies typically focusing on either
3D-printed or CPCA prosthetic hands in isolation. For
example, Llop-Harillo et al. and Cabibihan et al. per-
formed work to evaluate the performance of a variety
of 3D-printed hands [9, 11]. In contrast, Belter et al.
and Kannenberg et al. have independently explored the
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efficacy of CPCA prosthetic hands [12, 13]. The varied
directions taken in prosthetics research have created
a significant knowledge gap concerning the systematic
evaluation and benchmarking of both 3D-printed and
CPCA prostheses within the same standardized testing
framework. Our study aims to fill this void and contrib-
ute to this evolving landscape by conducting an evalua-
tion that benchmarks the mechanical grasping abilities
of both CPCA and 3D-printed prosthetic hands. This
evaluation focuses on tasks involving physical objects
that users are likely to encounter in their daily activities,
explicitly assessing machine-to-object interaction.

Methods

Testing methods

The Anthropomorphic Hand Assessment Protocol
(AHAP) was the evaluation metric we employed [14].
This validated procedure was developed by others as
a benchtop test in which common household items are
grasped and held. It is used to assess the mechanical
grasping capabilities of dexterous prosthetic hand offer-
ing multiple griping configurations and is designed to be
performed independent of a prosthesis user. That is, the
hand itself is being evaluated without possible confound-
ing variables such as the choice of control system, pros-
thetic socket fit, or the user’s skill level in controlling their
device, among many others. The AHAP involves 26 spe-
cific tasks using 25 household objects and encompasses
10 different grip patterns: hook grip, spherical grip, tri-
pod pinch, extension grip, cylindrical grip, diagonal volar
grip, lateral pinch, pulp pinch, index pointing/pressing,
and platform [14]. The AHAP tasks and grips are shown
in Fig. 1. The AHAP’s reliability is notable, scoring a test-
retest reliability intraclass correlation coefficient (ICC) of
0.839, an inter-rater reliability ICC of 0.969, and an inter-
nal consistency Cronbach’s alpha of 0.846 [14, 15]. For
our analysis, we included three open-source 3D-printed
prosthetic hands—HACKberry Hand, HANDi Hand, and
BEAR PAW—and three frequently prescribed, CPCA
prosthetic hands—Ossur i-Limb Quantum, RSL Steeper
BeBionic Hand V3, and Psyonic Ability Hand. Addition-
ally, the AHAP results from these six hands were then
combined with previously published AHAP scores from
four additional 3D-printed hands: Dextrus v2.0, IMMA,
InMoov, and Limbitless [14].

Execution of the AHAP followed the established pro-
tocol described in [13]. This involved a lead investiga-
tor who conducts the testing and scoring, and three test
investigators who are responsible for operating the pros-
thesis. Each test investigator performed three trials, for a
total dataset of nine trials per prosthesis (3 test investiga-
tors x 3 trials each =9 total trials). The standard AHAP
procedure required replicating the test with multiple
trials and three separate test investigators to ensure the
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Fig. 1 AHAP tasks and grips

results were isolated to only characterize the mechani-
cal performance of the tested prosthesis by accounting
for potential variability across investigators [14]. Before
starting the testing protocol, the lead investigator briefed
the test investigators on the proper grip type for each
object and allowed a one-minute familiarization period.
All tested prostheses were mounted on a wand and oper-
ated by selecting a grasp from a list (using a button or
graphical interface on a tablet, dependent on the design
of the prosthesis) and actuating the grasp by pressing a
button, thus eliminating the potential impacts in the
choice of and skill in using a conventional prosthetic
control system (such as 2-site electromyography, pattern
recognition, etc.). Each AHAP trial commenced with
the lead investigator presenting one of the 26 objects to
a test investigator in a specific orientation. For each grip
type (except index pointing/pressing), the prosthesis was
initially positioned with the palm facing upwards. Upon
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securing the object, the prosthesis was required to sus-
tain its grip on the object for a duration of three seconds
(the grasping phase). This was followed by a 180° prona-
tion to a palm-down position (clockwise for left-handed
prostheses and anti-clockwise for right-handed prosthe-
ses), again trying to maintain its grip for an additional
three seconds (the maintaining phase). Further descrip-
tions of the grasping and maintaining phases for each
grip type and posture can be found in the original AHAP
instructions by Llop-Harillo et al. [14].

Following the AHAP protocol [14], during the grasping
and maintaining phases for each object the lead investi-
gator scored the prosthesis’s performance. Accordingly,
a score of 1 was received if the object was held with the
specified grip for the allotted time. A score of 0.5 was
given if the prosthesis held the object for the designated
time but did not follow the specific grip requirements
described by the AHAP. Finally, a score of 0 was received
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Table 1 Technical data of the six tested prosthetic hands
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Fig. 2 Ossur i-Limb quantum

if the prosthesis was unable to hold the object at all. Then,
if there was no movement of the object within the hand
during the maintaining phase, a score of 1 was awarded.
If the object moved but did not drop, then a score of 0.5
was received, and a score of 0 was given if it was not able
to maintain the object. A score of 0 may also be assigned
at the lead investigator’s discretion, without attempt-
ing the grip, when it was deemed likely that an attempt
would cause functional damage to the hand.

Scores were separated by phase: grasping or maintain-
ing. The scores for each prosthetic hand were further
separated into 10 categories for grasping and nine cat-
egories for maintaining classified by grip type/posture.
These scores were averaged across the three test inves-
tigators such that individual grasping and maintaining
comparisons could be made between hands. Finally, an
overall grasping ability score (GAS) was given for each
hand by averaging all scores. Each prosthesis’s raw AHAP
scores are provided in the supplementary material.

Hands tested

We have provided a brief description for each of the six
tested hands below. Technical data has also been summa-
rized in Table 1. Data in this table were tested and pub-
lished by the respective manufacturers of each hand.

Ossur i-Limb Quantum

The Ossur i-Limb Quantum (shown in Fig. 2) [16-18]
is a CPCA prosthetic hand. Built with titanium digits, the
i-Limb Quantum weighs 658 g, has a static limit finger
carry load of 48 kg and a hand load static limit of 90 kg.
It is equipped with five independently motorized fingers
and a powered thumb rotation with manual override.
Using the My i-Limb™ iOS apps, it has up to 36 selectable
grips, both pre-programmed and customizable.

RSL Steeper BeBionic V3

The RSL Steeper BeBionic Hand V3 (shown in Fig. 3)
[19-21] has been commonly prescribed as a hand pros-
thesis since 2010 [19]. Built with carbon fiber digits, the
BeBionic V3 weighs 588 g, has a static limit finger carry
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Fig. 3 RSL steeper BeBionic V3

Fig. 4 Psyonic ability hand

Fig. 5 HACKberry hand

load of 25 kg and a hand load static limit of 45 kg. The
hand’s individual motors located in each finger and at the
thumb base enable the user to have five degrees of actua-
tion (passive thumb rotation) and 14 different grips and
hand positions [19].

Psyonic Ability Hand

The Psyonic Ability Hand (shown in Fig. 4) [22, 23] is
a CPCA prosthetic hand. It is equipped with fingertip
sensors that detect pressure during gripping and send
vibrations to the user’s arm, offering some tactile feed-
back. With its carbon fiber shell, the Ability Hand weighs
520 g and has a maximum grip force of 66 N. The Abil-
ity Hand has five independently motorized fingers and a

powered thumb rotation with manual override. The hand
comes pre-programmed with 32 grip patterns, includ-
ing 19 predefined options. The Ability Hand is compat-
ible with third-party EMG pattern recognition systems,
EMG direct control systems, linear transducers, and
force-sensitive resistors along with integration with iOS
and Android mobile apps for adjustment of settings and
updates.

HACKberry Hand

The HACKberry Hand (shown in Fig. 5) [24], developed
by Japanese startup Exiii, is an open-source 3D-printable
bionic prosthetic hand. The HACKberry hand is made
of polylactic acid (PLA), weighs 475 g, and can support
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Fig. 6 HANDI hand

Fig.7 BEAR PAW

loads up to 2000 g. Equipped with three motors, it has
partially motorized long fingers and powered thumb
rotation. The third, fourth, and fifth fingers are coupled,
allowing them to flex and extend as a group. Addition-
ally, it has passive thumb flexion, allowing it to meet the
index finger for a pinch grip. When attached to its arm
component, it has passive wrist flexion and rotation. The
HACKberry hand does not come with pre-programmed
grips, however they can be defined at the user’s discre-
tion so long as it remains within the range of motion of
the finger joints.

HAND: Hand

The Humanoid, Anthropometric, Naturally Dextrous
Intelligent (HANDi) Hand (shown in Fig. 6) [25] is a
3D-printed multi-articulating hand. It was developed at
the Bionic Limbs for Improved Natural Control Labora-
tory (BLINC Lab). The hand can be used in conjunction
with the Bento Arm, a five-degree-of-freedom robotic
arm designed for myoelectric training and research appli-
cations [26]. Made of PLA, the HANDi Hand weighs
256 g and has a maximum grip force of 4.2 N. Six inte-
grated Dymond D47 servo motors allow for individual

finger articulation, with separate thumb rotation and
flexion. Rotary potentiometers in the joints and force-
sensitive resistors in the fingertips can provide finger
position and force information to machine learning
algorithms. Further, a USB webcam is integrated into
the palm, providing visual information about the hand’s
workspace. The HANDi hand must be programmed by
the user as it does not come with pre-programmed grips.

BEAR PAW

The Bionic Engineering and Assistive Robotics Pedi-
atric Assistive Ware (shown in Fig. 7) (BEAR PAW) is a
3D-printed pediatric prosthetic hand developed at the
UC Davis Bionic Engineering and Assistive Robotics
Laboratory (BEAR Lab) [27]. Modeled after the anatomi-
cal proportions of an 8-year-old child and printed using
PLA, it has a weight of 177 g with a maximum grip force
of 7.2 N. The BEAR PAW has five independently motor-
ized fingers and a powered thumb rotation. The hand
comes pre-programmed with 10 grip patterns, and addi-
tional grips can be created by the user.

Dextrus v2.0, IMMA, InMoov, and Limbitless
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Llop-Harillo et al. published AHAP data for four open-
source adult 3D-printed hands (Dextrus v2.0, IMMA,
InMoov, and Limbitless) [11]. Printed either using PLA
or Ninjaflex®, they ranged in weight from 131 g to 201.5 g
but did not publish grip force or static load values. These
four adult hands were all underactuated systems with a
range from 14 to 17 degrees of freedom and 1-6 degrees
of actuation. The testing for these hands was done using
the custom-made Able-Bodied Adapter presented by
Llop-Harillo and Pérez-Gonzélez in 2017 [28].

Data analysis

Our data analysis was designed to allow for the group-
based comparison of overall grasping scores between the
3D-printed and CPCA hands, followed by an assessment
of grasping versus maintaining scores within these spe-
cific groups. Subsequently, we conducted pairwise grip
comparisons within each subgroup. This procedure is
depicted in Fig. 8, with further descriptions of each com-
parison provided below.

Overall GAS score evaluation

In our investigation, we utilized the Mann-Whitney
U-Test to compare the overall performance (GAS scores)
between CPCA and 3D-printed prosthetic hands. The
Mann-Whitney U-Test was chosen to accommodate
our small sample size, non-parametric data, and to fit
our assumption of a bimodal distribution, as we could
not assume a normal distribution for the GAS scores
[29]. The Mann-Whitney U-Test operates by converting
actual data points into ordered ranks to form a permu-
tation distribution, from which it calculates the p-value
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[29]. We also confirmed, using our data characteristics,
that the prerequisites for the Mann-Whitney U-Test were
met [29]. This included ensuring that the observations
within and across groups were independent and that our
response variable was ordinal or continuous [29].

Comparing grasping vs. maintaining scores

We also investigated whether there were differences
between grasping and maintaining scores for both the
3D-printed and CPCA hands as individual groups. To
do this, we conducted two additional Mann-Whitney
U-Tests. In consideration of conducting a series of related
tests, we employed the Bonferroni Correction to keep the
family-wise error rate below 5%. Consequently, the inclu-
sion of these two Mann-Whitney U-Tests, alongside the
overall GAS score comparison, established a test-wise
significance threshold of 1.67% [30].

Pairwise grip comparisons

Finally, we wanted to determine which specific grips the
hands may have struggled with. To do so, we utilized
Friedman’s Test (a non-parametric alternative to a Two-
Way ANOVA model without an interaction term), fol-
lowed by the Nemenyi Test (if applicable) [31, 32]. Similar
to the Mann-Whitney U-Test, Friedman’s Test works by
converting the data into ordered ranks and using a per-
mutation distribution to calculate the p-value (indicat-
ing if there were differences among grips at a significance
threshold of 5%). The Nemenyi Test, designed as a non-
parametric pairwise comparison method, enabled the
identification of specific grip patterns that exhibited

Overall GAS Score Evaluation between
3D-Printed and Clinically Prescribable Hands
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lower performance, provided that Friedman’s Test indi-
cated significant differences [31].

Results

AHAP results

Table 2 presents the average overall GAS, grasping, and
maintaining scores along with their standard deviations
for each prosthetic hand, as measured using the AHAP.
The scores in Table 2 are expressed as a percentage of the
maximum achievable score [11].

Data analysis results

Overall GAS score evaluation

Our analysis indicates a statistically significant difference
in overall GAS scores between the CPCA and 3D-printed
prostheses, with data inspection indicating lower perfor-
mance by the 3D-printed prostheses. Our initial assump-
tion under the null hypothesis was that both groups of
prostheses (3D-printed and CPCA) showed identical
underlying distributions. Figure 9 displays the Mann-
Whitney U-Test results, including a P-value of 0.0083.
This permitted rejecting the null hypothesis using a
test-wise significance level of 1.67% (post Bonferroni
Correction).

Table 2 AHAP scoring results
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Comparing grasping vs. maintaining scores

The outcomes of these analyses demonstrated statisti-
cally significant disparities within the 3D-printed hands,
also at a test-wise significance level of 1.67%, indicated by
a P-value of 0.0011 and a test statistic of 49. Conversely,
the comparisons within CPCA prosthetic hands did not
reveal statistical significance, as shown by a P-value of
0.50 and a test statistic of 4. The findings of these tests
are detailed in Fig. 10. For these tests, the null hypothesis
assumed that the scores for grasping and maintaining
were identical within each type of prosthetic hand—first
examining this assumption for 3D-printed hands, and
then separately for CPCA hands.

Pairwise grip comparisons

Friedman’s test Figure 11 presents the outcomes of the
Friedman’s Tests, highlighting statistically significant dif-
ferences in the grip patterns within both the grasping and
maintaining scores for the 3D-printed prosthetic hands,
with P-values of 4.11e-05 and 1.14e-05, and test statistics
of 35.91 and 37.03, respectively. For the CPCA prosthetic
hands, the results demonstrated statistically significant
differences within the grasping scores across different
grips, as indicated by a P-value of 0.033 and a test statistic
of 18.16. However, the maintaining scores of CPCA hands

Ossur i-Limb Quantum
CPCA RSL Steeper BeBionic V3 77+0 77£0 79 £ 1
Psyonic Ability Hand

HACKberry Hand 532 64+0

HANDi Hand 66 +2 77+ 1 53+3

BEAR PAW 68 £ 1 77+3 57+0
3D-Printed Dextrus v2.0 61=+3
IMMA 57+2 77 =1
InMoov 57+1
Limbitless 63+2
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GAS Score Comparison Between CPCA and 3D-Printed Prostheses
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Fig. 9 Overall GAS score Mann-Whitney U-test results: CPCA hands significantly outperformed 3D-printed
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Fig. 11 Grip-wise comparison using Friedman’s test: 3D-printed hands struggled with certain grips during both the grasping and maintaining phase.

CPCA hands only struggled with certain grips during the grasping phase

did not exhibit significant variations across grip types,
evidenced by a P-value of 0.24 and a test statistic of 10.45.

Nemenyi test for 3D-printed hands The Nemenyi Test
results highlighted significant disparities in the grasp-
ing scores of the 3D-printed hands and can be found in
Figs. 11 and 12. Specifically, the Diagonal Volar grip dem-
onstrated considerable differences compared to the Hook,
Index Pointing/Pressing, Platform, and Tripod Pinch
grips. Additionally, for maintaining scores, the Index
Pointing/Pressing grip was significantly different from
the Cylindrical Grip, Extension Grip, and Spherical Grip.
For the other grip types evaluated within the 3D-printed
hands, there were no statistically significant differences.

Nemenyi test for CPCA hands Unfortunately, while
Friedman’s Test indicated statistically significant differ-
ences among the grasping scores for the CPCA hands,
the subsequent Nemenyi Test P-values were statistically
insignificant. Therefore, we could not specify which grip
pairs exhibited these differences. However, inspection of
Fig. 11 suggests that the Extension and Platform grips
underperformed compared to other grips. Finally, because
Friedman’s Test was unable to show differences among the
maintaining scores of the CPCA hands, we excluded them
from the Nemenyi Test analysis.

Discussion

Despite the evolving landscape of CPCA and 3D-printed
multi-grasp prosthetic hands little literature exists to
examine the mechanical performance these two groups
of hands using the same standardized testing protocol.
Our AHARP analysis of the mechanical grasping abilities
of CPCA and 3D-printed prosthetic hands, highlighted
significant differences in their performance. Specifically,
it was observed that the 3D-printed prosthetic hands
had lower scores compared to their CPCA alternatives.
Furthermore, the performance gap observed during the
maintaining phase is particularly significant because,
during this phase, the AHAP only requires the hand to
securely manipulate objects without imposing specific
grip requirements. To ensure the secure handling of an
object, the sum of all contact forces and the resulting
friction forces must balance to zero. Given this principle,
the challenges of the 3D-printed hands to succeed in the
maintaining phase suggests potential issues such as insuf-
ficient friction, inadequate grip force, or geometric/kine-
matic limitations preventing the effective reorientation of
contact forces. This suggests that the factors contributing
to the lower performance of the 3D-printed prosthetic
hands are rooted in their design or construction.

We believe that the primary challenge in the develop-
ment of 3D-printed prostheses is balancing cost-effec-
tiveness with the quality of materials and components.
This often necessitates making strategic choices to main-
tain affordability but can compromise functionality, as
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3D-Printed Grasping Phase
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3D-Printed Maintaining Phase
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Fig. 12 Specific pairwise comparison using the Nemenyi test showed the 3D-printed hands struggled with diagonal volar grip during the grasping
phase along with the cylindrical grip, extension grip, and spherical grip during the maintaining phase

shown in the AHAP maintaining scores. For instance,
opting for cost-effective motors often compromises
their achievable torque output, which directly impacts
the prosthetic’s ability to securely hold and manipu-
late objects, thereby contributing to lower maintaining
scores. Additionally, we acknowledge that the level of
dimensional precision achievable by a 3D printer (how
close the printed object’s dimensions are to the intended
dimensions) may not always match that of mass-pro-
duced commercial prostheses. These dimensional
differences can have implications for the fit and function-
ality of the prosthesis, underscoring the need for ongoing
improvements in 3D printing technology. Durability and
strength are also crucial, as commercial prostheses are
designed for more rigorous use and are constructed from
tested robust materials. We observed that the 3D-printed
hands were limited in strength, being unable to support
the weight of certain objects (skillet lid, wooden blocks
with rope, and skillet). However, we also see opportu-
nities for impactful enhancements through the cost-
effective addition of certain features. For example, in
our observations, the slipping of certain objects (large
marker, small marker, and golf ball) from the HACKberry
hand was not due to a lack of grip strength but rather to
insufficient friction between the hand and the manipu-
lated object. Consequently, adding rubberized grips to
the fingers and palm or even offering rubberized gloves
similar to those used to protect and provide friction for

many CPCA hands could be a relatively simple yet effec-
tive method to significantly enhance the usability of the
prosthesis. Another notable example is the difference in
transmission mechanisms of the CPCA compared to the
3D-printed hands. The CPCA hands all typically have
locking mechanisms with low backlash, so that when
power is turned off the hands still hold their position, a
useful feature for conserving battery as well as providing
additional mechanical stability in the joint. None of the
3D-printed options that we examined currently employ
these mechanisms and this may be another key feature
that could be explored in future versions of 3D-printed
hands to improve their maintaining scores.

While this study offers valuable insights into the per-
formance of modern prosthetic hands, it does have
limitations. The sample size for our study was limited
to a specific subset of CPCA and 3D-printed prosthetic
hands. For CPCA hands, this focus was primarily dic-
tated by the challenges associated with acquiring these
devices, often related to their high costs. Furthermore,
there is a vast array of 3D-printed hands available, and
the ones we tested do not encompass all existing mod-
els. Our selection was based on a limited subset chosen
for the availability of documentation and open-access
print files. It would be beneficial for future research to
include a broader range of prosthetic hand technologies,
especially those utilizing emerging designs and mate-
rials such as Unlimited Tomorrow and Open Bionics,
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as they are CPCA hands that were initially released as
3D-printed hands and were later refined and transitioned
to commercially available devices [32]. Unfortunately,
their cost, programming interfaces, and limited availabil-
ity excluded them from this study. Furthermore, it may
also be of interest to examine novel design concepts such
as underactuated or soft prostheses as such systems are
beginning to emerge in the prosthetics field.

Additionally, we acknowledge certain limitations in the
AHAP [14]. Specifically, the grasping phase criteria may
under-represent actual dexterity, as the strict guidelines
for a correct grip do not always align with practical, clini-
cal scenarios where a variety of secure grasping methods
could be employed to manipulate an object. Addition-
ally, the AHAP does not distinguish between grasping
pressures, potentially allowing hands with superior grip
strength to achieve a higher maintaining score by simply
applying high gripping forces. In some real-world activi-
ties, performance is not necessarily constrained to the
machine interacting with an object, but rather human-
machine interactions can play a large role. That is, the
choice of prosthetic control system, and the user’s skill
in modulating grasping forces all can play a factor during
many activities of daily living that may require manipu-
lation of more fragile objects. Finally, the AHAP scores
hand performance on an ordinal scale, which constrains
the range of statistical inference methods that can be
applied and necessitates the use of non-parametric meth-
ods. These methods, while appropriate, typically offer
less statistical power compared to a parametric alterna-
tive. As a result, some grasps that may appear to differ
greatly in their respective scores may not be considered
significantly different by the Nemenyi Test. For example,
during our testing we noted variances in the performance
of the pulp pinch grip; however, these differences could
not be statistically confirmed as significant through the
Nemenyi Test. This suggests a need for further investi-
gations, as it could reveal specific design enhancements
necessary to improve the functionality of 3D-printed
prosthetic hands.

Given that our findings demonstrate CPCA prosthe-
ses achieved significantly higher GAS scores than the
3D-printed hands, it suggests that these two types of
devices may currently be best suited for distinct end uses.
CPCA prostheses are evidently more practical for every-
day use, as they have a higher technology readiness level
given their ability to achieve a wider range of grip posi-
tions and superior performance in securely manipulat-
ing objects. Conversely, 3D-printed prosthetic devices,
despite their limitations in grip capabilities, present a
significantly more affordable option. With production
costs as low as $19USD [9], they stand in stark con-
trast to the often prohibitive expenses associated with
CPCA devices, which often exceed $20,000USD [7, 8].
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Furthermore, the accessibility of 3D-printed prosthetic
technology supports research to be conducted in labs of
most funding levels, fostering a more inclusive research
environment. This affordability is complemented by the
technology’s capability for rapid prototyping, allowing
researchers to quickly design, print, and test different
prosthetic components, accelerating the pace of innova-
tion and development. Open-source 3D-printed devices
also benefit from non-proprietary firmware, allowing for
more control over their devices. Additionally, research-
ers can tailor designs to fit various anatomical needs or
specific user preferences, a crucial aspect in studying
prosthetic functionality and comfort. Our study under-
lines the need for ongoing research and development in
prosthetic technology, aiming to bridge the gap between
affordability and functionality. Nevertheless, the potential
of 3D printing in this field is immense, and recognizing
these limitations through this and subsequent research
will contribute to refining the design and functionality of
both 3D-printed and CPCA prosthetic devices.

It is also important to note that the AHAP offers an
important benchmark to assess the grasping capabilities
of prosthetic hands; however, an individual user’s choice
to use or abandon a prosthesis system arises from a com-
plex, nuanced, and individualized combination of fac-
tors which include grasping performance among many
others. These may include considerations not captured
in such benchmark testing, such as the device’s ability to
offer functional benefits during activities of daily living
that offset the drawbacks of wearing the system, such as
discomfort from socket and harnessing, temperature and
sweat inside the socket, additional weight on the body,
and numerous psychosocial factors, among others. Addi-
tionally, the suspension, support, and stabilization of the
prosthesis on the residual limb can greatly affect the con-
sistency and ease of use controlling the device, directly
impacting the benefits offered by the grasping capabili-
ties of the hand. Building on this work, it is important
that further research compares 3D-printed and CPCA
devices using common assessment tools and continues
capturing this multitude of information that affects the
real-world functional outcomes of a prosthesis prescrip-
tion. This will inevitably require considering the needs of
individuals using upper-limb prostheses, recruiting par-
ticipants and prosthetic fittings to allow the examination
of various hands/terminal devices, and careful consider-
ation in designing experiments to control for construct
validity given the multitude of complex factors affecting
successful prosthetic outcomes.
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