IEEE LATIN AMERICA TRANSACTIONS, VOL. 23, NO. 11, NOVEMBER 2025

1121

Average Power as an Alternative Variable for Power
Grip Control in Robotic Hands Without Using Force
Measurements

Juan F. Solarte

Abstract—Power grip is one of the fundamental functionalities
of a robotic hand prosthesis, as it is essential for performing
various activities of daily living. This study proposes the use of the
average electrical power consumed by the actuators as a variable
correlated with grip force in mechanisms with an effective degree
of freedom equal to one. This approach enables the
implementation of closed-loop grip force control schemes without
the need for force sensors. To evaluate the performance of the
proposed method, a five-finger underactuated robotic hand
prototype was developed, along with a cascade control scheme to
track an average power reference. The system was implemented in
the Simulink environment of Matlab, using an Arduino Mega 2560
board for signal acquisition and actuator control. The power—
force relationship was validated using a variable stiffness device,
in accordance with recommendations from a standardized
protocol for evaluating the quality of robotic hand prostheses. The
results show that average electrical power exhibits a stronger
correlation with grip force than electric current, which has been
used for similar purposes in previous studies. This work addresses
the challenge of controlling grip force without force sensors,
introducing a variable that has not been previously exploited for
this purpose.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9871

Index Terms— Current; Energy efficiency; Grasping; PID
control; Prosthetic hand; Sensorless control

I. INTRODUCTION

HE development of robotic hand prostheses has

advanced significantly in recent years, with the aim of

replicating both the functionality and dexterity of the
human hand. One of the primary functions of these prostheses
is Power grip, which enables the user to hold an object through
the force generated by the opposition between the finger
phalanges and the palm[1]-[7]. This capability allows users to
securely grasp and manipulate objects, making it crucial for
performing daily activities such as lifting weights, holding
tools, or executing movements that require firmness and
stability [8]-[11].
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In Colombia, decades of armed conflict have resulted in
thousands of civilian casualties caused by landmines and
explosive remnants of war. As of March 2025, more than
12,500 individuals have been affected, many of whom have
suffered upper-limb amputations, including traumatic hand loss
[12]. In this context, there is a clear and pressing need to
develop prosthetic hand solutions that are functional,
affordable, and adapted to the needs and conditions of those
affected by the conflict.

Grip force refers to the amount of force a prosthesis can exert
when grasping or holding an object. It is a key parameter of
functional performance, as it determines the prosthesis's ability
to carry out daily tasks effectively and safely. The amount of
force transmitted to the object being grasped depends on the
mechanical system that conveys force from the actuators to the
object, the object's shape and size, and the friction between the
fingers and the object [13]. Consequently, it is not
straightforward to predict the exact value of the required force
in a specific grasp configuration.

To achieve Power grip functionality, several authors have
proposed various strategies for regulating grip force, with
notable approaches including compliance control, hybrid
control, and impedance control.

Compliance control enables the hand to adjust its stiffness
during interaction with objects, facilitating adaptation to
different shapes, textures, and fragilities[14], [15]. Hybrid
position/force control allows the hand to move to specific
locations while simultaneously applying a defined force,
alternating between control modes [13], [16], [17]. Impedance
control is particularly common in power grip tasks, enabling the
system to grasp both delicate and heavy objects by adjusting
impedance [18], [19]-[22].

In control strategies that require force references, a key
challenge is obtaining accurate grip force measurements. This
necessitates that the prosthesis be equipped with exteroceptive
sensors capable of capturing grip force data [23]. For this
reason, several authors have developed control schemes in
which feedback relies on force sensors located at the fingertips,
using Force Sensitive Resistors (FSRs) [11], [24]-[30] or load
cells [31]. For validation purposes, force sensors are often
embedded within test objects such as cylinders or spheres
[11],[32]-[37].

Some studies on robotic manipulators assess grip force by
measuring it at the end-effector, analyzing its relationship with
motor current [38]. In robotic hand force control, a widely
adopted strategy is the cascade control scheme, typically
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combining an inner loop and an outer loop with different
control objectives. Reported configurations include: inner
current control with outer PID-based torque control [16];
current inner loop with outer compliance control [39]; outer
impedance control with inner current regulation [33], [40], and
force-position  loop  combinations  leveraging  joint
kinematics[41].

Several authors have explored controlling grip force without
force sensors, using actuator current due to its relation with
generated torque. However, our review of the literature reveals
two key limitations: (i) Current is highly sensitive to high-
frequency electrical noise, yet most studies do not report how
this is managed; (ii) The relationship between actuator current
and actual grip force has not been systematically studied.

This work proposes the use of average electrical power
consumed by the actuators as an alternative variable correlated
with grip force. To the best of our knowledge, no prior studies
have established or validated a relationship between average
power and grip force in robotic hand prostheses.

As an averaged quantity, average power inherently filters
high-frequency noise introduced by switching electronics. This
is advantageous for real-time control, particularly in prosthetic
applications.

Furthermore, the approach is supported by biological
inspiration: in human power grips, force is related to the
muscular power generated during contraction, often estimated
using electromyographic signals.

Based on these insights, we hypothesize that average
electrical power is more closely related to grip force than
current, and that it can be used as a controlled variable in force
regulation strategies—without the need for force sensors.

To test this hypothesis, a five-finger underactuated robotic
hand prototype was developed, featuring fingers with a single
effective degree of freedom. A cascade control strategy was
implemented to track average power references. The power—
force relationship was experimentally validated using a
variable-stiffness cylindrical object following the evaluation
protocol proposed by NIST [42].

The results demonstrate that average power is more strongly
correlated with grip force than current, and confirm the
feasibility of using it as a feedback variable in grip force control
schemes—eliminating the need for direct force measurement
and reducing the complexity, cost, and maintenance
requirements of the system.

II. MATERIALS AND METHODS

This section describes the design of the robotic hand
prosthesis, the measurement system developed to estimate grip
force, the implemented hardware/software experimental setup,
the cascade force control scheme, and the computation of
average power.

A. Hand Design

The hand design used in this work is based on the model
presented in [43], which implements a six-bar linkage
mechanism for the index, middle, ring, and little fingers. All

1122

four fingers share an identical structure but are positioned
differently around the palm. Their identical geometry facilitates
design, manufacturing, and interchangeability of components.
The thumb employs a four-bar linkage mechanism, but its
design remains similar to the other fingers. Each finger has one
effective degree of freedom and is actuated individually: the
index, middle, and ring fingers use Actuonix L12p linear
actuators[44], while the thumb is driven by an Actuonix PQ12p
actuator [45]. The little finger is mechanically coupled to the
ring finger, so both are controlled by a single actuator. In total,
the hand comprises five fingers and four actuators. The CAD
model was created using SolidWorks, and the components were
fabricated with a 3D printer using PLA and ABS materials (see
Fig. 1).

Fig. 1. CAD model and hand assembly.

The mechanism that transmits the flexion and extension
motion to the fingers is illustrated in Fig. 2. It consists of a linear
actuator coupled to the finger linkage mechanism through a
sliding element.

Actuator

Shaft

/ A4
| @

VA A

i Slider mechanism

Bar mechanism

Linear Actuator
Shaft

|_><'>
Position

0

Fig. 2. Finger motion mechanism.

The number of effective degrees of freedom of the
mechanism, denoted as ne, for the index finger—and similarly
for the thumb—is defined as ne = n —r, where n is the
number of joints and r is the number of constraints in closed-
chain mechanisms. It is assumed that the number of active joints
na must equal the number of effective degrees of freedom, i.e.,
na = n —r. Given that the number of passive joints is np =
n —na, it follows that np =r. For the six-bar linkage
mechanism of the index finger, n = 8, np =7, and the
effective number of degrees of freedom is ne=8—-7 = 1.
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Fig. 4. Block diagram for the index and middle fingers using the Simulink Support Package for Arduino Hardware. (A) Current sensing stage, (B) Average power
calculation, (C) Reference signal generation, (D) Cascade control loop, (E) Force measurement.

The same result can be obtained for the thumb, and it implies
that, when considering the fingertip as the end-effector, its
position and the force it exerts are uniquely related to the
position and force applied at the active joint.

B. Grip Force Measurement

Following the performance metrics and test methods for
robotic hands defined in [42], a variable-stiffness cylinder was
designed and 3D printed to measure the grip force exerted by
the robotic hand. This cylinder was internally equipped with a
pair of springs and force-sensitive resistors (FSRs) [46], to
capture force values exerted by the hand as the springs were
compressed (see Fig. 3). This configuration enables safe
application of grip forces over a continuous range, without
compromising the integrity of the hand mechanisms. The
measurement procedure involved alternating between closing
and opening postures while recording force data. The FSR
sensor readings were previously calibrated using known
weights within the sensors’ dynamic range, and a polynomial
curve was fitted to the measurements using least squares
regression. Grip force was computed as the sum of the forces
recorded by both sensors. Fig. 3 shows the robotic hand
performing a Power grip on the cylinder by varying the position
references of the finger actuators.

C. Experimental Setup

The control system was implemented using the Simulink
Support Package for Arduino Hardware and executed on an
Arduino Mega 2560 board in external mode [47] , which allows
Simulink to interact with the board, acquire sensor data, and
send control signals to the actuators in real time (See Fig. 4). A
custom electronic board was designed and fabricated as a shield
for the Arduino 2560. TB6612FNG motor drivers [48] were
used to control the actuators, and INA219 current sensors [49]
were used to measure actuator current (See Fig.5). The linear
actuators are equipped with internal potentiometers, which
provide the actuator shaft position as a measurable voltage.

W

W

a .
) b)
Fig. 3. Experimental setup with the variable-stiffness cylinder: a) Internal view
of the cylinder showing the embedded spring mechanism used to simulate
variable stiffness, b) Power grip performed by the prosthetic hand on the
modified cylinder.

A custom electronic board was designed and fabricated as a
shield for the Arduino 2560. TB6612FNG motor drivers [48]
were used to control the actuators, and INA219 current sensors
[49] were used to measure actuator current (See Fig.5). The
linear actuators are equipped with internal potentiometers,
which provide the actuator shaft position as a measurable
voltage.

D. Average Power Calculation

Fig. 5. Custom shield for Arduino Mega 2560: a) INA219 current sensors, b)
TB6612FNG motor drivers with output connectors, ¢) ADC inputs for two
analog channels.
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The control approach proposed in this work is based on the
relationship between the force exerted on an object by the hand
and the average power applied to an actuator in an
underactuated robotic mechanism used in a hand prosthesis.
This relationship is supported by a biologically inspired
foundation. It has been shown that there is a correlation between
the root mean square (RMS) of a surface electromyography
(sEMG) signal and the muscle force exerted [50].This operation
is typically performed using a moving analysis window, which
acts as a filter on the original signal and captures the electrical
activity of the muscles in relation to muscle power.

The average power applied to the actuator driving the
underactuated mechanisms responsible for finger motion in the
robotic hand prosthesis is expected to exhibit a proportional
relationship with the force applied to the object, provided that
the actuation mechanism has a single effective degree of
freedom. In the case considered in this study, each finger
mechanism is based on linkage structures, where motion is
transmitted via a bar driven by a linear actuator powered by a
direct current (DC) motor. It is assumed that the motor armature
current can be measured and that the armature voltage—applied
through a PWM signal governed by the control law—can also
be known at each sampling instant. The average power
delivered to the motor at a given sample k can be calculated
using a rectangular moving window of N samples, as expressed
in Equation (1).

n

1
Polk] = N

k=n—-N+1
where i[k] is the current consumed by the actuator at discrete
time k,and v[k] is the voltage applied to the actuator at time k.

ilk]v[k] )

This calculation can be implemented using a rectangular
moving window FIR averaging filter. However, such a filter
introduces a delay of N /2 samples, and the rectangular window
also presents disadvantages such as edge effects. A similar
performance can be achieved using an exponential filter, which
is more suitable for real-time applications, as it requires only
two operations per sample, despite its nonlinear phase response.
Equation (2) defines the exponential filter, where a is a
parameter in the range (0,1) that is adjusted to achieve an
appropriate trade-off between smoothness and delay.

Pav[k] = ai[k]v[k] + (1 — a)Pav[k —1] 2

With a small a value (close to 0), the filter assigns more
weight to past values and less to the current input, resulting in
a smoother but slower signal. Conversely, a large  value (close
to 1) yields faster responses but provides less smoothing. In this
work, the tuning criterion for the @ parameter was to achieve a
zero-lag response in the cross-correlation curve between the
measured grip force and the computed average power variable,
as will be detailed in the results section.

The filter in Equation (2) is applied identically to all four
actuated fingers, and the total average power is computed as the
sum of the average power contributions from each individual
finger.
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E.  Power Control Scheme

Fig. 6. Grip force control loop for a single finger.

Several control strategies used for grip force regulation in
robotic hand prostheses adopt a cascade configuration, with
either a current inner loop or a position inner loop, depending
on the control variable. The scheme proposed in [16] follows
this structure. The control architecture shown in Fig. 6 consists
of an inner loop using proportional control and an outer loop
employing a discrete-time PID controller. The entire control
loop is implemented in Simulink, and the PWM output signals
are sent to the linear actuators. This scheme is identical for all
four actuated fingers of the robotic hand.

Controller tuning was carried out without model estimation,
using the standard empirical procedure: the inner loop gain was
first adjusted to achieve fast position reference tracking with
minimal steady-state error, and the outer PID controller was
tuned using a widely known empirical method. The following
section provides the values of the outer loop constants K, K;,
and K, as well as the inner loop gain K, for each finger.

TABLE I
TUNING VALUES FOR THE EXTERNAL LOOP PID CONSTANTS
AND THE INTERNAL LOOP GAIN

Finger K, K; K; K

Index -40 0.01 0.1 80

Middle -40 0.01 0.1 80

Ring -55 0.01 0.1 80

Thumb -40 0.01 0.1 80
III. RESULTS

The results obtained demonstrate the effectiveness of the
proposed system for controlling grip force in a robotic hand
prosthesis using average electrical power as a reference. The
most relevant findings are presented below, organized into two
key aspects: 1) Correlation between electrical power and
applied force, and 2) Performance of the cascade control
system.

A. Correlation between Electrical Power and Applied Force
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Fig. 7. Grip force, average power, and current during reference tracking.

It can be observed that, although current is commonly used
in the literature as a variable correlated with grip force, it is
inherently noisy due to the nature of the voltage being applied
to the motors via a PWM modulator, which operates at a
switching frequency much higher than the mechanical response
time of the actuator sliders. To quantify the correlation between
total grip force and both total average power and total current,
the cross-correlation algorithm in MATLAB was used,
employing the xcorr function. The results are shown
graphically in Figure 8.

Figure 8 clearly demonstrates that the total grip force
exhibits a stronger correlation with total average power than
with total current. This behavior is also influenced by the
application of the exponential filter, which allows a low-latency
response between the computation of average power and the
measured grip force. Although actuator current has been widely
used in previous control strategies for robotic hands, the present
results suggest that average power may serve as a more reliable
and less noisy control variable in grip force regulation tasks for
robotic prostheses.

This observation is further supported through a quantitative
comparison using least-squares linear regression models. Two
models were fitted to estimate grip force based on current and
average power, respectively. The adjusted coefficient of
determination R?, which measures the proportion of variance in
the dependent variable explained by the model, was computed
for both cases. Figure 9 shows a comparison between the
estimated grip force values obtained from each model, after bias
removal. The models were implemented using the fit/m function
in MATLAB and include both intercept and slope parameters
from the regression line. The adjusted R? coefficients for
average power and current were 0.512 and 0.285, respectively,
indicating that a linear regression model using average power
as the independent variable explains the variability of the
estimated grip force more effectively than one based on current.

However, this result also demonstrates that a linear model
relating total grip force to average power is not sufficient to
fully describe the system's dynamic behavior. This limitation
can be attributed to nonlinearities in the gripping process of the
cylindrical object, such as dry friction, slippage, or the
mechanical behavior of the rigid spring used in the deformable
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cylinder shown in Figure 3. In particular, the presence of a rigid
spring introduces a nonlinear relationship between the
magnitude of the average power and the grip force required to
achieve a desired grasp.

Cross correlation Force and Current

90
80
70t

Amplitude
[\ (9% = W D
e} o o o o

—_
=)
T

0
-600

200 0 200 400
Lags
a)

Cross correlation Force and Power

-400 600

120

100 ¢

Amplitude
[N ee)
S e}

S
S

[\
(e)
T

0
-600

-200 0
Lags
b)

Fig. 8. Cross-correlation between grip force and a) current, b) average power.
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Furthermore, in practical applications where the object to be
grasped is unknown, the relationship between average power
and the applied force will also be unknown and potentially
nonlinear, as observed in the experimental setup used in this
study. For this reason, the proposed approach does not aim to
estimate the applied force directly. Instead, average power is
used as the controlled variable, enabling the control strategy to
achieve the objective of applying force to an unknown object—
an essential and realistic goal in robotic hand prosthesis
applications.

B.  Performance of the Cascade Control System

To validate the performance of the cascade control scheme
described in the methodology section—where the outer loop
tracks a total average power reference using a PID controller,
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and the inner loop adjusts the actuator shaft position via
proportional control—two experiments were conducted. In the
first experiment, a periodic reference signal was generated,
alternating between zero and a nonzero average power value, as
shown in Figure 10. Both the total average power applied to the
four actuators and the tracking error with respect to the power
reference were recorded. The large initial error is explained by
the fact that the hand starts in contact with the object.

For comparison, the total grip force recorded inside the
cylinder is also reported. Although its behavior appears
somewhat erratic, it should be noted that all five fingers (four
active and one passive) contact the cylinder at varying positions
due to the relatively smooth contact surfaces and slippage
during each change in the applied force. This is further
supported by the actuator position data for the active fingers
shown in Figure 11, which vary from one period of the power
reference signal to another due to changes in the contact points
between the hand and the object. Nonetheless, the experiment
confirms the feasibility of regulating the overall grip force
amplitude through the proposed control strategy, using a power
reference alone and without relying on force sensors in the
feedback loop.

The second experiment employed a smoother desired
average power reference, varying according to a cosine
waveform, as illustrated in Figure 12. The tracking error
confirms that the control scheme successfully achieves its
objective. As in the previous experiment, the large initial error
is attributed to the initial adjustment of the fingers to the object.

Figure 13 shows the positions required by the linear actuators
of the four active fingers to follow the average power reference,
demonstrating that each finger contributes to the overall power
grasp.

It is important to note that the focus of this paper is on the
control of power grasp. In the literature on robotic hands, object
grasping is commonly divided into distinct phases: a pre-
shaping phase, in which the fingers are positioned over contact
points to ensure a stable grasp, and the grasping phase itself,
where contact has already been established and the goal is to
apply force to the object through those contact points.
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In robotic hand prostheses, achieving both phases involves a
trade-off between grasping performance and system
practicality, due to significant limitations in available sensors
and computational resources. As a result, hybrid control
strategies are often implemented, switching between a position
control phase, which sets the finger configuration for different
types of grasps (e.g., precision, lateral, power), and a force
control phase, which applies force once contact is established.
This work specifically contributes to the development of the
force control phase.
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Fig.10. Signals during square waveform reference tracking: a) Square
waveform, b) Measured average power, ¢) Tracking error, d) Measured
grip force.

To quantify key attributes of the tracking error in the two
previous experiments, the following statistical indicators were
computed: root mean square (RMS), mean, and standard
deviation (STD). The values obtained for the tracking error of
the square setpoint were: RMS = 1.0 X 1072, mean =
—6.5x 1073, and STD = 8.4 x 1073. For the sinusoidal
setpoint, the corresponding values were: RMS = 1.6 X 1072,
mean = —1.3 x 1072, and STD = 9.2 X 1073,

Based on these indicators, it can be observed that the system
exhibits a low RMS wvalue, indicating that the controller
achieves accurate tracking of the reference signal in general.
The mean error being close to zero suggests the absence of
systematic bias. Meanwhile, the standard deviation provides
insight into how the signal is affected by disturbances or
measurement noise.
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It is worth noting that the tracking performance for the square
setpoint yields better statistical indicators than for the
sinusoidal case, which may be attributed to the characteristics
of the PID control strategy. These results confirm the feasibility
of the proposed control scheme, which uses total average power
as the controlled variable to regulate grip force in a power grasp,
without requiring force sensors in the feedback loop.

The main objective of these preliminary results is to
demonstrate the viability of using average power as an
alternative control variable for the power grasping problem in
robotic prosthetic hands. Further research is required to fully
exploit the potential of this variable as the basis for robust or
model-based control strategies, such as sliding mode control
[51] or adaptive control [52], to achieve additional objectives,
including slippage compensation.
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Fig. 11. Actuator shaft positions in response to a square wave average
power reference: a) Index finger, b) Middle finger, ¢) Ring finger, d)
Thumb finger.

IV. CONCLUSIONS

This work explored the feasibility of using the total average
power consumed by the actuators of a robotic hand prototype—
whose fingers each have a single effective degree of freedom—
as the controlled variable in a grip force control scheme applied
to a cylindrical object during a Power grip. The motivation lies
in the ability to regulate grip force without requiring direct force
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measurements. The main contribution to this problem is based
on the observation that, although several authors have
addressed this challenge by using electric current measurements
due to their known relationship with the torque produced by DC
motors, none have explicitly studied the correlation between
current and the total grip force perceived by the object.

This study demonstrated that total average power exhibits a
stronger correlation with grip force than total current.
Experimental results show that, by using total average power as
the controlled variable, it is possible to effectively regulate the
total grip force applied to the object within a closed-loop
cascade control scheme. This finding is significant, as it
introduces a new measured variable—total average power—
that may offer advantages over the electric current variable
commonly used in previous works.

The average power computation was implemented using an
exponential filter, which is suitable for real-time applications
due to its computational simplicity. Its mathematical model
could be integrated into model-based control schemes in future
research.
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Fig. 12. Signals for cosine waveform average power reference
tracking: a).Cosine waveform, b) Measured average power, c)
Tracking error, d) Measured grip force.
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